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PREFACE 


This hook covers the syllabuses in physios of the All-India 
Certifloate Course (N.C.C.) in Civil, !R^echanical and Electrical 
Engineering, as also of the L.C.E.} L.M.E. and L.E.E. Examina* 
tions of the State Council for Engineering and Technical Educa¬ 
tion, West Bengal, In addition, it provides an adequate course in 
physics covering one year of study as in a XJniversity Preparatory 
Course. 

The authors’ aim has been to give a clear and systematic pre¬ 
sentation of the fundamental principles of physics in all its 
branches. These have been amply illustrated with examples from 
everyday life and industry. Laboratory work for students has 
been put in a form appropriate to a laboratory manual. This will 
enable the students to work successfully in tlie laboratory with 
very little additional guidance. 

Our thanks are due to Sri N. N. Sen Gupta, Principal, Calcutta 
Technical School, for his valuable assistance with the book as a 
whole, and to Sri Amiya RanjanMukherjeeofMessrs A.Mukherjee 
& Co., Private Ltd., for permission to use material from the 
senior author’s book An Introduction to Physics. 
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CHAPTER 1 


UNITS AND MEASUREMENTS 

1. Science and its Branches 

Man has always sought to know and understand all tliat he 
sees around him. His efforts, extended over centuries, have 
built up a vast store of knowledge in various fields. The branch 
of human knowledge which deals with the changes and properties 
of living and non-living things present in Nature is called Natural 
Science. It has two broad divisions, biological and ‘physical. 
Biological sciences deal with living things; and physical sciences, 
with non-living things. Physics and chemistry are the two main 
branches of the latter. Biology, physics, chemistry and the 
abstract science of mathematics are the fundamental among 
sciences. On them are built the applied sciences, such as en¬ 
gineering, agriculture, aeronautics and a host of others. 

2. Matter and Energy 

The objects that we see all around us, e.g., books, tables, trees, 
stars etc. are called bodies. Matter is the material or stuff of 
which these bodies are made. Anything which has w'eight and 
occupies space is supposed to bo made of matter. 

The changes that we see in Nature may be classified as a 
change in (i) the position, (ii) the condition or (iii) the type of 
matter. A moving train shows a change of position. A boiling 
kettle exhibits a change of condition of water, from liquid to 
vapour. In burning coal we get an example of a change in viiich 
matter changes type—from coal to the gas carbon dioxide. 

Matter cannot of itself undergo any change ; change of any 
kind in matter must be brought about by some agency. The 
invisible agency which docs it is called energy. All natural pheno¬ 
mena are effects of the action of energy on matter. Matter and 
energy are all that exist in the physical world. 

It will be of help to accept the following definitions : 

Matter is anything which offers resistance when attempt is 
' made to change its condition of rest or motion. 

Energy is that which causes a change in the position, the condi¬ 
tion or the type of matter. 

A body is any piece of matter. 

3. What is Physics 

Matter has been found to consist of about 90 elementary types 
called elements. Water is made up of two elementary types of 
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matter, viz., hydrogen and oxygen. Air is a mixture, chiefly of 
two elements—nitrogen and oxygen. 

We may say that physics deals with those phenomena of the 
inanimate world in which the type of matter does not change, while 
chemistry is essentially concerned with phenomena in which 
the type changes. This distinction cannot, however, always be 
maintained. 

Branches of Physics. Physics has six main divisions, viz., 
mechanics, heat, sound, light, magnetism annieUctricity. Of all these 
mechanics is the most fundamental. It deals with properties 
of matter, and treats of such ideas as motion, force, energy and 
their relations to one other and to matter. Heat, sound and 
light classify natural phenomena perceived through our senses 
of touch, hearing and vision. We have no special senses for 
detecting electricity and magnetism. They are studied through 
the effects they produce. 

Physics is built on accurate measurement. In the language 
of physics the term 'physical guantity\ or sometimes simply 
‘quantity’, is used to mean anything that is capable of being 
measured. Length, weight, volume, time, speed, temperature etc. 
are common examples. 

Physics seeks to acquire knowledge of natural phenomena 
through accurate measurement of the quantities involved. It 
is, therefore, called an exact science ; and so is chemistry. Measure¬ 
ment is the foundation on which physics is built. 

To measure a quantity we compare it with a quantity of the 
same kind, which we call the unit. To find the length of a table 
we may use a foot-rule and see how many times the length 
known as the foot is contained in the length of the table. If by 
laying the foot-rule alongside the table we find that the latter is 
five times as long as the former, we say that the length of the 
table is ‘five feet’. A measurement involves two things, a ‘number’ 
and a ‘unit’. Mere mention of the number carries no sense ; the 
unit must be stated. 

4. Fundamental Quantities and their Units 

'Among the quantities which physics deals with, three are 
regarded as fundamental. They are length, mass and time. Length 
and time are well known concepts and cannot be explained in 
simpler terms. Mass is the amount of matter contained in a body. 
The units of these tlurec (quantities are ea-Ued th® fundapieipial 
units, I 



UNITS AND MEA8UBBM1NTS 


3 


All quantities with which we are concerned in mechanics can 
be defined in terms of length, mass and time. Their units can 
also be derived from the units of length, mass and time. For this 
reason, these quantities and their units are called ‘fundamental*. 
Units of the other quantities are called ‘derived’ units. 

5. Systems of Units 

There are two systems of units in general use—(i) the G.G.S. 
or tho Metric system, and (ii) the F.P.S. or the British system. 

(i) In the C.G.S. system the fundamental units of length, mass 
and time are the centirnetrey the gram and the second. This system 
is used for scientific measurements all the world over. It has 
the advantage that units of the same kind differ by multiples of 
ten. Besides, the units of length and mass are related to naturally 
occurring quantities and to themselves (see below). 

(ii) In the F.P.S. system, the/ooi, the pound and the second 
are respectively the units of length, mass and time. It is generally 
used in the English speaking countries for commercial and 
engineering purposes. India has recently adopted the C.G.S. 
system for all purposes. 

6. Units of Length 

(i) C.Q.8. system—Tho Centimetre is one hundredth part of a 
metre. The metro Avas intended to be a ten-millionth part of 
the length of a quadrant of the earth’s circumference measured 
from the equator to tho North Pole through Paris. But this 
intention was not quite fulfilled. 

Tho bar constructed on the above 
basis fell slightly short of the 
hypothetical value. For legal and 
scientific purposes the metre is now 
defined as the distance at 0°C bet¬ 
ween two marks engraved upon the 
central fiat portion of a platinum- 
iridium bar, called tho International 
Prototype Metre (Pig. 1), kept in an 
underground vault at Sevres near 
Paris. Several countries possess 
very accurate copies of this bar. 

India will soon have one. Fig. 1 

(ii) F.P.S. system —The foot is one third the distance at 63‘*F 
^etiycep the central lines on two gold plugs in a bi^omse bnf ca^c^ 
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the Imperial Standard Yard. It is preserved in the Standards 
Office, Westminister, London. In the U.S.A. the legal yard 
has been defined by the Congress as flay metre. 

Multiples and Sub-multiples of Length 

C.G.S. Units F.P.S. Units 

I kilometre (km) =1000 metres 1 mile (mi) = 1760 yards 
1 metre (m) = 100 centimetres 1 yard (yd) = 3 feet 

1 centimetre (cm) = 10 milli- 1 foot (ft) =12 inches (in) 

metres (mm) 

Conversion Factors for Length 

To convert lengths from one system to the other, remember 

1 metre = 39*37 inches 

1 inch = 2*54 centimetres 

7. Units of Mass 

(i) C.Q.S. system — The gram is one-thousandth part of the 
mass of a certain platinum-iridium cylinder called the Inter- 
national Prototype Kilogram and kept at the same place as the 
standard metre. It was intended that the weight of the cylinder 
should be equal to that of one thousand cubic centimetres of 
pure water at its maximum density (i.e., at 4®C). The intention 
was not quite fulfilled. The agreement, however, is close enough. 
For all practical purposes we may take it that one gram is the 
mass of one cubic centimetre of water. 

{ii) F.P.S. system —The pound is defined as the mass of a 
certain platinum cylinder marked ‘P.S. 1844, 1 lb’ and preserved 
at the same place as the Standard Yard. 

Multiples and Sub-multiples of the Units of Mass 

C.G.S. Units F.P.S. Units 

1 kilogram (kg) =1000 grams I ton=2240 pounds 

1 gram (gm)=100 milligrams 1 pound (lb)=16 ounces (oz) 

(mg) 

Conversion Factors for Mass 

1 kilogram = 2*204 pounds 

1 pound = 453*6 grams 

8. Unit of Time 

The mean solar second is the unit of time in both systems. It 
is one 86400th part of a mean solar day. The solar day is the 
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interval of time between two successive transits of the sun 
across the meridian at any place. Because the earth’s orbit 
round the sun is elliptic and the earth moves wdth a non-uniform 
speed in its orbit, solar days vary in length. The average value 
of the solar day tliroughout the year is taken as the mean solar 
day. 

1 mean solar day—24 X 60 X 60 —86,400 mean solar seconds. 

9. Units of Volume or Capacity 

The unit of volume is the volume of a cube of unit length. 
In the e.G.S. system the volume of a cube of edge 1 cm. is 1 
cubic centimetre, which is the unit of volume. Another unit, 
called the litre, is also frequently used for measuring capacity. 
The litre is the volume of one kih)gram of pure water at its 
maximum density, i.e., at It is very slightly greater than 
1000 cubic centimetres. For most practical purposes the millilitre, 
which is one thousandth part of one litre, may be taken to be 
equal to 1 cubic centimetre. A cubic centimetre is written as 
c.c. or cm* in abbreviation. 

In the F.P.S. system volume is measured in cubic feet. Volumes 
of liquids are generally meiisured in ‘gallons’. A gallon is the 
volume of 10 pounds of <listillcd water at 62"F. 

10. Measurement of Leiuitli 

In measuring a length you may be called upon to use a scale, 
such as the metre scale, which is graduated in centimetres and 
millimetres. Or, it may be a foot-rule in which the divisions are 
in inches and fractions thereof. 

In using a scale, first make sure of the unit (inch or centimetre) 
in which it is graduated and also the value of the smallest scale 
division. Take the following precautions. 



(i) Place the ruler on its side (as shown in Fig. 2) so as to bring 
the division marks of the scale as close as possible to the points 
the distance between which you want to measure. 
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(ii) Keep your eye vertically over the point at which you aid 

taking the reading. 

(iii) Measure the distance by differ¬ 
ence, as illustrated in Fig. 2. 

When it is inconvenient to place a 
scale close enough to a body for mea¬ 
suring a distance on the body, you may 
use a pair of dividers (Fig. 3). The dividers 
are set to the length to be measured and 
then transferred to the scale. Those 
provided with screws (Fig. 3) for setting 
to small intervals are very useful in 
workshop practice. 

Experiment 1. To measure the diameter 
of a sphere with a scale. Place the sphere 
between two parallel wooden blocks 
(Fig. 4), Measure with a scale the 
ij’ig. 3 distance between the faces of the 

blocks. Repeat the observation thrice 
by turning the sphere and using 
different parts of the scale. Record jis 
follows: 

Diameter of the sphere=(i). 

(«).(iii). Fig. 4 

Average diameter 

o 




11. Simple Calipers 

Simple calipers ^Fig. '&) may be conveniently used to measure 
^ g the outside diameter of a sphere or the inside 

diameter of a tube. 

[ j \ Experiment 8. To measure the diameter of 

V y 1 a sphere with outside calipers. 

< y Open the calipers such that the sphere 

just slips between the jaws AB (Fig. 6) 
/ without being scratched. Place the calipers 

/ \ on a scale and read off the distance AB by 

/ \ difference. Take measurements at three 

/ \ different positions of the sphere. 

^ \>t^ Diameter of the sphere=(i).(ii)...., 

Fig. 5 (iii):.... 

Average diameter = ... 
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Experiment 3. To measure the inside diameter of a tube mth 
inside calibers. 

Insert the lower end of the calipers into the tube and stretch the 
jaws CD (Fig. 6) such that they touch lightly the inner surface 
of the tube. Read o£E the distance from a scale. 

Inside diameter of the tube=(i).,. .,(ii)... . 

Average diameter = ==. 

12. Eye-estimation 

In taking a reading you will often find that it does not coincide 
with any of the division marks of the scale, but lies between two. 
A simple way of taking this fractional part of the division into 
account is to make an estimate of it with the eyes; It is not 
difficult to guess if tl\e extra length is half a scale division. Witli 
practice you can make this estimate more accurate. 

There are, however, other and better ways of measuring sucli 
fractions. The diagonal scale and the vernier are the commonest 
of tliem. The.se are describcrl below. 

13. The Diagonal Scale 

The scale may be graduated in inches or in centimetres and is 
capable of measuring a length upto 0 01 inch or 0 01 cm. It is 
divided into ten equal spaces parallel to its length (Fig. 6). The 
inch (or centimetre) division to the extreme right is further 
subdivided by ten equidistant diagonal lines. 
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Fig. 6 

To measure the distance between two points with a diagonal 
scale, take a pair of dividers and open the jaws so as to make 
the ends agree with the points. Transfer the divider to the scale. 
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Suppose the length to be measured is between 1 and 2 inches. 
Place one leg of the divider on the 1-inch division {E ; Fig. 6). 
Let the other leg be at F. It is easy to see from the graduations 
that the required length is between 1-4 and 1*6 inches. 

To find the next place of decimal, move the divider across the 
scale downwards and parallel to itself, one end always remaining 
on the vertical line through E. The other end will describe the 
dotted line as drawn in Fig. 6, through F. This line cuts only 
one of the diagonal lines (in this case the fourth) at the point 
where the latter is cut by the horizontal line sixth from the top. 
It may be readily seen from this that the length EF is 1-46 inches. 
The first decimal place is obtained from the figures at the top of 
the right-hand square, and the second decimal place, from those 
at the right. 

Note that the zero of the scale starts from the left of the 
divided square. 

The scale may be used with profit for measuring distances on 
charts and drawings. 


14. The Veinier 

The vernier is an auxiliary scale which is used in conjunction 
with a common scale, called the main scale, for measuring 
fractions of the smallest division of the main scale. 

To understand and use a vernier, first find the value of the 
smallest division on tiie main scale. Suppose it is 1 mm. Bring 
the zero of the vernier scale into coincidence with any main 
scale division. If you look to the other end of the vernier you 
will find that its last division mark coincides with another 
division mark of the main scale. Suppose in your case 10 divisions 
of the vernier scale are equal to 9 divisions of the main scale, 
i.e., to 9 ram. 

10 divisions of the vernier = 9 mm. 

1 division „ „ „ =-9mm. 

The difference between the smallest main scale division and a 
vernier division is known as vernier constant. Therefore, in the 
above case, 

^ Vernier constant =1 M.S. division—1 Vernier division 

=1 mm —-9 mm=‘lmm=-01 cm. 

Whenever you want to use a vernier scale, first find the vernier 
constant. 

To measure the length of a rod with a vender, place one end 
of the rod agajnst the zero of the main scale and bring the 
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zero of the vernier against the other end. It is clear that 
the position of the zero of the vernier 
on the main scale gives the required 
length. Suppose the position is as in Fig. 7. 

If you look carefully you will see that the 
reading is 5-3 (main scale) + a fraction. This 
fraction is the distance between the 5 3 mark 
on the main scale and the zero of the 
vernier. Looking to the divisions of the 
vernier, suppose, you find that the 7th 
division of the vernier coincides with a u 
division mark of the main scale. Note that J 
this is also the 7th division mark from 5'3. 

Therefore, the fraction al reading | 

=7 M.S. divisions—7 Vernier divisions ^ 

=7(1 M.S. div.-l V.div.) 

=7 X Vernier constant 
=7 X 01 =0-07 cm 

The length of the rod=5-3+ 07—5-37 cm. 

To get the reading corresponding to the 
zero of the vernier, read the main scale first. 

Then look tor that vernier division which 
coincides with a division mark of the main 
scale. Multiply the vernier reading by the 
vernier constant and add to the main scale 
reading. In general, if the a;th division of Fig. 7 

the vernier coincides with a division mark of the main scale, 
the vernier reading is a: x vernier constant. 

Verniers may be constructed to read other fractions besides 
tenths. It may be ^ or any other convenient fraction. 

In general, if it is tb be n -1 divisions of the main scale are 

Tv 

made into n divisions of the vernier. 

Circular verniers. Verniers are also used to measure angles 
accurately such as in spectrometers, sextants and theodolites. 
The divisions are in degrees and minutes of arc. 

15. Vernier Slide Calipers 

Tlie instrument is an application of the principle of the vernier 
described above. If you look at Fig. 8, you will notice that it 
has two jaws .<45 and CD. The body whose length has to be 
measured is held between the jaws AB. The jaws CD are used 
to measure the inside diameter of a tube or hole, and the tail 5, 
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for depth. If the instrument is not defective, the zero of the 
vernier should coincide with the zero of the main scale when the 



jaws AB are in contact. If the two zeros do not agi-ee, tjiere is a 
zero error. Always examine your instrument for zero error before 
you use it. See whether the zero of the movable scale is to the 
right or left of the zero of the fixed scale and find by how much. 
If to the right, the zero error is to be subtracted from the final 
reading. If it is to the left it should be added. 

Experiment 4. To measure the thickness of a wooden block. 

Hold the block lightly between the jaws A B. Note the readings 
as follows : 


Vernier constant =.cm 

Zero error=.cm, 


No. of 
readings 

Main Scale 
reading 

Vernier 

reading 

Total 

1 

Average 

1 

2 

3 

1 

\ 




The corrected average thickness =.cm. 


Experiment 5. To mmsure the inner diameter of a metal washer. 
Insert the jaws CD into the opening to touch the sides lightly. 


Vernier constant =.cm. 

Zero error =.cm. 


' No.iof 
readings 

Main Scale 
reading 

Vernier 

reading 

Total 

1 

Average 

1 





2 





3 

1 

. . .. ..1 





The corrected inside diameter of the washer=.cm. 
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HSxperiment 6. To measure the depth of a hole. 

Insert the tail E into the hole such that the end of the main 
scale rests on the top of the hole. Take readings as £01101198 : 

Vernier constant=.cm. 

Zero error =.cm. 

Main Scale 
reading 


The corrected average depth of the hole=_cm. 

16. The Screw Gduge 

It is an instrument by which small lengths can be measured 
with great accuracy, e.g. to 001 in. or ’001 cm. It consists of 
a U-shaped piece of 
steel having two arms. 

A fixed stud is attach¬ 
ed to one arm and the 
other arm is provided 
with a cylindrical tube 
on which a linear 
scale, called the fixed 
scale, is etched. An Fig. 9 

accurately cut screw, provided with a collar, works in the 
tube and moves axially when it is rotated by the milled head. 
The bevelled end of the collar is divided into a number of equal 
divisions. 

When the screw is given a complete turn, its end moves 
forward by the distance between two successive threads of the 
screw. This is called the pitch of the instrument. The axial 
displacement of the screw for a rotation of one circular division 
is called the hast cownt. If the pitch of the screw is I mm, and 
there are n circular divisions on the collar, then the least count= 
Ijn mm. 

To determine the pitch, give the screw head a number of 
complete turns. From the change in the linear scale reading you 
can find the pitch. Note the total number of divisions on the 
circular scale. Divide the pitch by the number of circular 
divisions. This gives the least count of the insti'ument. 

To find the zero error of the instrument, the screw head is 
so turned that the end of the screw just touches the fixed .stud. 



No. of 

readings 

_ 

2 

3 



Total Average 
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If in this position tho zero mark on the circular scale coincides 
with the reference line across the iixed scale, there is no zero 
error. If the zero cira^sea the reference line, the zero error has 
to be added to the a^arent reading. But if it fails to reach the 
line, subtract the error from the apparent reading. 

Experiment 7. To measure the diameter of a wire and the area 
of its crosa-aection. 

Find the pitch, least count and zero error. Hold the wire lightly 
between the fixed and the movable studs. Don’t press hard. 

Take the fixed scale reading and note the division of the 
circular scale which coincides with the reference line. Repeat 
three times, rotating the wire. 

Results : Pitch of the instrument =.mm. 

No. of divisions on the circular scale =w. 

Least count of the instrument = ... .mm. 


Zero error =.mm 

(Note whether to be added or subtracted). 


No. of 

Linear scale 

Circular scale 

Total 

readings 

reading 

, reading 





The corrected average diameter—-... ,mm=... .cm. 

Cross sectional area of the wire : 

If the diameter of the wire is “d cm. the area of cross 


section= 


ltd* 

~T 


sq. cm. 


17. The Spherometer—Measurement of Radios of Corvature 

The spherometer is an instrument specially designed for 
measuring the radii of curvature of spherical surfaces. It consists 
of a micrometer screw moving through a nut supported on three 
legs (Fig. 10). The points A, B and C of the legs form an equi¬ 
lateral triangle. The point P of the screw passes through the 
,centre of the triangle ABC. The circumference of the screw 
head is divided into 100 equal divisions. The pitch of the screw 
is ordinarily 1 mm, so that each division corresponds to -01 mm. 
A linear scale gives the number of complete revolutions which 
the head makes. 

To set the instrument it is placed on a sheet of gla^ and the 
screw turned until its tip just touches the plane. This position 
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may be determined by looking tangentially along the glass and 
finding when the gap between P and its image in the glass just 
vanishes. If the screw 

is pushed beyond this SSSmSSSk h 

position, the instru- I 

ment rocks. Note the ^7^/ / 

reading of the linear ^ 

scale division just 

below the screw head, ^ 

and also the reading __ 

of the circular scale '■ i t ~ ~ | | ' IT! , . . I 

division just against 

the li ?iear scale. ; 

Now place the instru- _ \T . I 

ment on the spherical -o p ' L J It 

surface whose radius ° 

of curvature is to be 

measured. Raise or Fig. lo 

lower the screw until its tip touches the curved surface. Bead 
the linear and circular scales as before. Let the difference 
between this reading and that on the plane glass be A. 

Screw up the central leg, place the instrument on a stiff piece of 
paper and press it lightly so that an imprint of the three legs is 
made on the paper. Measure each side of the triangle formed by 
the three points and take the mean. Let it be L. Then the radius 
of curvature ‘r’ of the spherical surface is given by 

L“ h 

Enter your results as follows : 

Experimental Results 

Value of the smallest division on the linear scale of the sphero- 

meter=.cm. 

Pitch of the instrument =.cm. 

Number of divisions on the circular scale= 

Least count =.cm. 

Readings on the, glass plate : 
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Reading on the spherical surface : 


Number of 

Linear 

Circular 

Total 

Mean 

observations 

scale 

scale 

{K) 

1 

2 

3 






h~hitnh^z= .CDi. 


Reading for L : 

(i).cm, (ii).cm, 

Mean L~ . 


r= 


E. 

6A+2“ 


cm. 


(iii) 

cm. 


cm. 


18. Measurement of an Area 

It is easy to work out from simple rules and formulas the areas 
of regular figures, such as triangles, rectangles, circles etc. 

Areas of irregular figures do not lend themselves to such 
treatment. They can be found graphically using squared paper. 

Experiment 8. The boundary of a farmland, of which the area 

is to be determined, is 
shown in Fig. 11. Sup¬ 
pose the scale of the 
drawing is 1 in. =1 mile. 
A piece of graph tracing 
paper (small divi¬ 
sion, O'l in. and area of 
small squares, 01 sq. 
in.) is placed on the 
drawing and its outline 
is marked on the trac¬ 
ing paper. 

Count the number of 
complete squares (-01 
Fig. 11 sq. in. areas) wholly 

included within the boundary. Where the boundary line of the 
area outs a small square, count it as one square when more 
than half the area is included within the figure. If less than half 
the area is included, neglect the square altogether. 

If the tptal number of small squares so obtained is n, the area is 
^ ^ *01 sq. mile, since pne small square represents *01 sq. mil^^r 
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19. Aocuiacy in Measurement and in recording Data 

We have said that measurement is the foundation on which 
the exact sciences like physics and chemistry are built. 
Measurements are however of little value unless carried out with 
the proper accurcxy. ‘Proper’ accuracy does not necessarily mean 
a high accuracy. You would be satisfied if you knew the distance 
of your home from the nearest railway station in miles and fur¬ 
longs. (A furlong is an eighth of a mile). You will not bother about 
feet and inches. When you ask your carpenter to make you a 
table 2 ft. 6 inches high, you will notallow him to deviate oven by 
one inch. When you want to replace a portion of the water pipe 
in your house, you will not allow the diameter of the pipe you 
purchase to differ from the old pipe by even as much as a fraction 
of an inch. 

These examples serve to show that our requirement of accuracy 
is not everywhere the same. The smaller the qmntity to be 
measured the finer has the measurement to he. This would also involve 
use of finer measuring instruments. 

Accuracy in recording data 

In recording data of measurements always use decimals, and 
not fractions. But note that while 1*2 and 1’20 mean the same 
thing mathematically, they do not do so when they refer to mea¬ 
surements. When we speak of a length as 1 *2 cm. we imply that the 
value lies between 1*1 and 1*3 cm and that the last figure of the 
measure (i.e., the figure 2 in 1'2) is approximate to this extent. The 
measurement has not been carried beyond the first place of 
decimal. When we say that a length is 1-20 cm, we have carried the 
measurement to the second place of decimal and know that the 
value lies between 1-19 and 1’21. Tlio zero would show that the 
latter measurement has been carried out with a greater precision 
than the first. In physical measurements, a zero at tfie end of a 
decimal figure, therefore, carries a definite significance. Byfailing 
to record it when it is known to be there, you sacrifice your claim 
to the accuracy with which you have performed the measure¬ 
ment. On the other hand, if you put it there without making 
sure that it should be there, you pretend an accuracy to which 
you have no claim. 

This leads us to a question which often puzzles the student. 
To how many digits should he calculate the final result ? As 
an exercise you can perform a simple experiment as you read it. 
With a sharp pencil and a scale, mark on a piece of paper two 
pointy exactly 7 inches apart, ^heq tjie dist'&ticp 

Public LikrMtr 
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between them with a scale graduated in centimetres and milli¬ 
metres. It is likely that you will find a value lying between 17*7 and 
17*9 cm. Prom your data find how many centimetres there are to 
the inch. How far will you push the division by 7 ? To two digits, 
three digits, or more ? 

Here you do not know the value of the distance in inches 
probably beyond the first decimal place. It is 7 0 inches. You do 
not know the second decimal place. This datum is known only to 
two significant digits. The claim of accuracy in the calculated 
value cannot go beyond two significant digits. From your measure¬ 
ments you can claim that there are 2*5 centimetres to the inch; 
but any claim to the next decimal place will be without basis. 
To get the final value to three significant digits, all data must be 
known to as many digits. 

In calculating the volume of a rectangular slab you may find 
that the value is 4*23 cm x2*67 cm x 1*52 cm. On carrying out 
the multiplication the volume works out to be 
17*167032 c.c. Another student may find the size 
to be 4*24 cm x2*66 cm X 1*54 cm which on multi¬ 
plication gives 17*303440 c.c. How should each 
record his results? We find that in all the measured 
values the third significant digit is approximate. 
(4*23 cm means that the value lies between 4*22 and 
4*24 cm etc.) Hence the final result need not be 
given beyond the third significant digit. The 
recorded final values will be 17*2 c.c. for the first 
and 17*3 c.c. for the second. 

20. Measurement of Volume 

The volume of an object is the amount of space 
it occupies. 

(i) Volume of a regular solid. If the object has 
a regular geometrical shape, its volume can be 
found by measuring its linear dimensions. 

Volume of a rectangular block =length X breadth 
X thickness. 

Volume of a parallelopiped (a solid of which the 
Fig. 12 opposite faces are parallel; each face a parallelo¬ 
gram) =s Area of one face x perpendicular distance between this 
and its opposite face. 

Volume of a cylinder X length X (diameter)®. 

Volume of a sphere x (diameter)*. 
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Volume of a right circular cone =| x area of base x altitude, 
(ii) Volume of a liquid. This may be found by pouring the 
liquid into a graduated 
measuring cylinder (Fig. 12). 

The suiface of ,a liquid in 
a narrow vessel is not flat, 
but curved. To find the 
position of the liquid surface 
in the measuring cylinder, 
you must look with your eye 
at the same horizontal level 
as the central part of the 
surface (Fig. 13). A piece of 

white paper held behind the vessel will help you 
in getting the reading accurately. 

Measuring cylinders are generally graduated in 
cubic centimetres. Make sure of the value of each 
graduation before taking a reading. 

A burette is a long, narrow, graduated cylinder 
(Fig. 14). It can measure out a volume of liquid 
with a higher accuracy than the measuring cylinder. 

(iii) Volume of an irregular solid 

(a) Put some water in a measuring cylinder and 
read off the volume. Slide the solid into the cylinder 
so as not to break the cylinder nor splash out any 
liquid. Read the volume again. If the solid is fully 
immersed in the liquid the difference of the two 
readings gives its volume. (Will the method apply 
if the solid is soluble in water?) 

(b) (Jet a wide vessel with a spout (Fig. 15). Fill 
it with water till it overflows. When overflow has 
stopped place a beaker below the spout to eatch 
any fresh overflow. Now slowly immerse the solid 
in the water. The solid will displace its own 
volume of the water, which will come out of the 
spout. Measure the volume of the water which 
so comes out. This is also the volume of the 
solid. 

21. Experiments on the Pendulum 

A pendulum suitable for the experiments we w'ant to perform 
here may be made by tying a thin cotton thread to a 

2 



Fig. 14 




^ WRONG 


BRIGHT 


^ WRONG 


Fig. 13 
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round metal bob about 100 gm or so in weight (Fig. 16). 
The thread may be about a metre long. Its top end may be 

fastened between two pieces of wood, or it 
may be held between the jaws of pliers fixed 
to a stand. A complete oscillation of the 
pendulum means a full swing, i.e., motion 
from one extreme end to the other and back 
again. The time required for a complete 
oscillation is called the periodic time. The 
maximum displacement that a pendulum 
undergoes in the course of its swing from 
its normal position of rest is called its 
amplitude. 

'•'j The periodic time can be measured with 

a stop-clock (Fig. 17) or a stop watch (Fig. 17-A). 

These are clocks or watches which can be started 
or stopped at will by operating a lever or button. 

Experiment 9. To show that the periodic time of a 
pendulum is independent of the amplitude. 

Apparatus : Pendulum about a metre long, stop- 
clock, metre scale. 

Method : Allow the pendulum to oscillate with 
an amplitude of, say, 3 cm. Measure the time required 
for 20 oscillations. Repeat the observations for 
amplitudes of 4, 5, 6, 7, and 8 cm. You will find 
that the times for 20 swings will be the same. 

Dividing the time by the number of swings, you 
get the periodic time. Start counting time when the 
pendulum is passing through its mean position, i.e., 
the position of permanent rest. Fig. jg 

(Instead of 20 oscillations you may take the time for 25 or 30 
oscillations.) 

The table shows that the periodic time is the same whatever the 
amplitude provided it is small. This means that the oscillations are 
executed in equal times which do not depend on the amplitude. 
This result is often expressed by saying that the oscillations of 
a pendulum are ‘isochronous’. 




- Results ; 


Approximate 

amplitude 


3 cm. 
4^ cm. 


Time for 
20 oscillations 


... sec. 
... sec. 


Periodic time 
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Experiment 10. To show that periodic time does not depend on 
the mass or material of the bob so long as the length is constant. 



Fig. 17 Fig. 17.A 

Note that the length of a pendulum is taken to be the distance 
between the point of suspension and the centre of the spherical 
bob. 

Apparatus : Pendulum bobs of the same size but of different 
materials, cotton thread, stop-clock, metre scale, calipers. 

Method : Using one of the bobs measure the periodic time for 

20 oscillations as in the previous experiment. Replace the bob 

by another, but make sure that the distance from the point of 

suspension to the centre of the bob (or its bottom, if the bobs are 

of the same size) remains the same, and repeat. Record as follows: 

Material Diameter Length Total length Time for 20 Periodic 
of bob of bob of cotton of pendulum oscillations time 

Iron dem I cm Z-fd/2 ...see ...sec 

••• ••• ••• ••• 

(If values in column 4 are the same, those in columns 5 and 
6 will remain constant whatever we have in columns 1 and 2.) 

Experiment 11. To show that the periodic time is proportional 
to th^ square root of the length of the pendulum. 

Apparatus : Pendulum, stop-clock, metre scale, calipers. 

Method : Measure time for 20 swings of small amplitude. The 
lengths may be adjusted to have the values 144, 121,100 and 
81 cm. Remember that the length of the pendulum is the distance 
from the point of suspension to the centre of the bob. This would 
require measuring the diameter of the bob. 
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Results ; Diameter of bob=.cm. 


Effective length of 
pendulum, 1, in cm. 

y^Z 

1 Time for 

1 20 moings 
'• in sec. 

Periodic time, 

T in sec. 

\ 

y'Z 

IT 

144 

12 

1 

• • • 

• • • 

121 

11 

• • • 1 

1 

••• 1 

• • ■ 

100 

10 

... 1 

1 

1 


81 

9 

1 

i 

• • • 

1 • • • 


Values in the last column will be the same within experimental 
error. This shows T is proportional to -/Z. 

It will be profitable to draw a graph plotting y/l along the x-axis 
and T along the y-axis. Within experimental error, the graph will 
he a straight line passing through the origin. 

22. Mass and Weight 

In everyday life we buy and sell many things by "weight'. 
The weight of a body is the force with which the earth pulls it. But in 
purchasing a pound of sugar or a kilogram of meat we are not 
interested in the force with which the earth pulls it. What we 
are interested in is the amount we get. The amount of matter 
contained in a body is called its mass. 

The distinction between a ‘mass of one pound’ and a ‘force of 
one pound’ or a ‘weight of one pound’ should be clearly under¬ 
stood. A force (or weight) of one pound is the amount of the 
earth’s pull at its surface upon a mass of one pound. Unfortunately, 
we often fail to distinguish between the two and use the same 
word pound to mean sometimes an amount of matter, and at 
other times the pull of the earth upon this amount of matter. 
The two ideas are clearly different, for the amount of matter in a 
body is the same wherever on earth it is situated, while the pull of 
the earth upon that amount of matter decreases as we recede from 
the earth's surface. At any place the weight of a body is propor¬ 
tional to its mass. 

Confusion may bo avoided if wo use the term ‘pound* to denote ex¬ 
clusively an amount of matter, and the term ‘pound weight ’ to mean 
the pull of the earth upon the mass. Similarly for thd term ‘gram* and 
‘gram weight*, ‘ton’ and ‘ton weight’ etc. But writers are hardly consist¬ 
ent in this respect, and it is not infrequent to find a term like ‘pound’ 
being used in the sense of a force of one pound, particularly when there 
is no doubt as to whether a mass or a force is in question. 

23. The Balance 

To determine the mass or weight of a body in the laboratory, 
yre may use a spring bahn^ qv a ^QfiMnon fydaip^. 
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Spring Balance. It consists of a helical spring (Fig. 18) the 
upper end of which is fixed to the body of the 
instrument. The lower end is attached to a rod ending 
in a hook. The body to be weighed is suspended by 
this hook. A pointer attached to the rod moves over 
a scale graduated in grams or pounds. The extension 
of the spring is proportional to the weight of the 
body suspended. The position of the pointer gives 
the mass or weight of the body. 

The instrument is quick and convenient to work 
with. It is capable of weighing a body correct to 
about 1%. For much of the early work in a laboratory 
a spring balance may be used. This will save time 
and also damage to more delicate balances at the 
hands of beginners. Ranges of 100 gm, 250 gin and A 
500 gm will ordinarily suffice. ^ 

Common Balance. The essential parts of a common ^ 
balance are : Fig-18 

(i) The balance beam (AB of Fig. 19). It has at its middle a 
steel knife edge with the edge turned downwards and resting 




10-4 



Fig. 19 


on an agate plate. The beam can oscillate about the knife edge. 
(The knife edge cannot be shown in the diagram as it is hidden 
from view by other structures. We shall, however, refer to its 
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position as C.) CA and CB are called the arms of the balance. 
(The balance beam constitutes a lever with equal arms and 
having its fulcrum at C.) 

(ii) Two scale pans (P, and Pa) supported on stirrups which 
hang on smaller knife edges near the ends of the beam. 

(iii) A vertical pointer D attached to the beam near the 
knife edge G. The lower end of the pointer moves over a hori¬ 
zontal scale E. 

(iv) Two screws, a and 6, at the ends of the beam. They are 
used to bring the pointer to the zero of the scale. 

The balance beam and the pans normally rest on supports and 
cannot oscillate while in that position. The body to be weighed 
is placed on the left pan (unless one is left-handed) and the 
standard weights on the right while the beam is resting on its 
support. When freed from the support by turning the lever L, 
the beam oscillates. 

The instrument is enclosed in a glass case in order that air- 
currents may not disturb the oscillations of the beam. The 
balance box is supported on three levelling screws which help to 
keep the supporting rod of the beam vertical. This adjustment 
may be checked by a plumb-line (P) with which the balance is 
provided. 

The standard weights ordinarily contained in the weight boxes 
have values 200, 100, 60, 20, 20,10, 6, 2, 2 and 1 gram. These 
are generally made of brass. There are also smaller weights, 
made of aluminium, having values 600, 200, 200, 100, 60, 20, 20 
and 10 milligrams. Do not handle the weights with the fingers; use 
the forceps provided in the weight box. 

To weigh a body, you must handle the weights in a regular 
order. Suppose you expect the body to weigh less than 200 
grams but more than 100 grams. Try the 200 gm weight first. 
If it is too high remove it and try the 100 gm. If this is too 
low, keep it on the pan and add the 60 gm. In this way you go 
down to the lower weights until you obtain a balance. Count 
the total and write down the result before you remove the weights. 
You may find it wiser to record each weight as follows, and 
finally check before it is put into the weight box. 

Weight of body=(100 4-60-1-10 +2-fl) gm + (200+60+10) 
mgm»163-26 gm. 
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Exercises 

1. Define the fundamental units in the metric system. Why 
are they called fundamental ? 

What are the advantages of the metric system over the British 
system ? 

2. Define the litre and the gallon. Express the gallon in litres. 
(Take necessary data from the text to solve the problem). 

(Ans : 4’65) 

Hitd : Volume of 62'4 lb of water =1 eft. 

„ 10 lb. „ „ =. .eft. =. .cu.in. 

= .... c.c. =_litre. 

3. Express (i) the ton in kilograms and (ii) the kilometre in 

miles. {Ans : (i) 1016 ; (ii)0 621.) 

HirU. (i) 1 ton =_lb.; llb. = ..gm; ...gm=..kg. 

(ii) lkm = ....m; lm. = ..m; 36in==..yd. 

4. Mount Everest is 29141 ft. in height, hixpress it in metres. 

{Ans : 8882.2) 

5. A 100 yard track has to be extended to 100 metres. Find in 
feet and inches the elongation necessary. {Ans : 28 ft. 1 in.) 

6. Express a seer in kilograms, given Iniaiind=40 seers =82*2 lb. 
How much would be a tola in grams if 1 seer=80 tolas ? 

{A71S : 0 932 kg.; 11-65 gm.) 

7. How much is a mile in kilometres ? {Ans : 1-609 km.) 

8. A thousand gallon tank has the form of a cube. What is its 
depth in metres 1 (Take cube root of 277 as 6-52). {Ans : 1-66.) 

9. Distinguish between mass and weight. 

Describe the structure of the common balance. 

Practical Exercises 

1. Draw a straight line 7 inches in length and measure it in 
centimetres. Hence find how many centimetres there are to the 
inch. 

2. Measure the diameter of the given sphere. Hence calculate 
its volume. Also find its volume -with the help of an overflow 
can and a measuring cylinder. 

(A cylinder may be substituted for the sphere in one set of 
experiments.) 

3. The given card-board has been out into an irregular shape. 
Find its area with the help of a graph paper. 
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You are also provided with a two-inch square of the same board, 
and a balance. Weigh both boards and find the area of the piece 
of irregular shape. 

4. Measure the periodic time T of a pendulum of length 144 cm, 
considering 25 oscillations at a time and a total of 100 complete 
oscillations. 

Represent on a squared paper the value of the periodic time T 
so obtained against the square root of length, ‘\/l. (Plot along 
the x-axis, 5 small squares representing one unit of 25 small 
squares along the y-axis may represent 1 second of T,) 

Draw a straight line joining the point so plotted to the origin. 
From the graph find the value of I corresponding to a periodic 
time of 2 seconds. 

(A pendulum which takes 1 second to execute a half swing is 
called a seconds pendulum. You have found its length). 

^ Oral Questions 

1. What is a vernier ? What do you understand by vernier 
constant ? If the vernier constant of an instrument is one-tenth 
of a millimetre, can you measure with this instrument a length 
with an error less than this value ? 

2. Which is capable of greater accuracy—a vernier caliper or a 
screw-gauge 1 How will you check any of these instruments for 
a zero error ? How do you decide whether the zero error is to be 
added to or subtracted from the apparent reading ? 

The zero error of a screw gauge is *05 mm. If the length 
measured is 1 cm could not the zero error be neglected 1 

3. You have measured the diameter of a sphere with a vernier 
calipers which reads up to 01 mm, and found that the value is 
2‘32 cm. To how many significant digits should you calculate 
the volume ? Why ? 

4. What is the difference between the statements (i) a body 
weighs 23’5 gm, and (ii) it weighs 23*50 gm ? 

5. Does the size of a bob affect the length of a pendulum 1 
Will there be any harm if, instead of being held between jaws, 
the upper end of a pendulum is tied round a rod ? 

/ 6. When would you prefer a spring balance to a common 
balance ? 
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DENSITY AND SPECIFIC GRAVITY 

24. Density 

We often say that iron is ‘heavier’ than wood. But a log of 
wood may be heavier than a piece of iron. How can then both 
statements be correct at the same time ? In saying that iron is 
‘heavier’ than wood, we mean that a block of iron weighs more, 
i.e., contains more matter, than a block of wood of the same volume. 

The confusion of using the word ‘heavier’ in two different ways 
may be avoided by introducing the idea of ‘density’ to mean 
mass in relation to volume. We may then say ‘iron is-denser than 
wood’, ‘lead is denser than iron’, ‘mercury is denser than water’ 
and ‘water is denser than kerosene’. There is no confusion in 
these statements. 

Density c/ a substance is the mass of unit volume of it. In the 
e.g.s. system density is expressed in grams per cubic centimetre. 
In the f.p.s. system density is measured in pounds per cubic foot. 
Occasionally, however, the mass or the volume may be expressed 
in other units too. 

Gases are very light compared with solids and liquids. A volume 
of gas does, however, have a weight and a mass, and hence a 
density too. The density of a gas depends on its temperature and 
pressure. 

Densities of some common substances 
(in gm per c.c.) 


Substance 

Density 

Substance 

Density 

Brass 

8-4 to 8*7 

Alcohol (ethyl) 

•792 

Copper 

8'93 



Cork 

•22 to -26 

Glycerine 

1-26 

Gold 

19-32 

Kerosene 

•80 

Glass (crown) 

2-6 to 2-7 

Mercury 

13-6 

Iron 

7-0 to 7-9 

Milk 

103 

Marble 

2-5 to 2-8 

Paraffin Oil 

•8 

Paraffin 

•87 to-93 

Sea-water 

101 to 106 

Sand 

2-63 

Turpentine 

•87 

Sugar 

1-69 




26. Specific Gravity 

When densities are expressed in different units they cannot be 
compared without some calculation. If we are told that the 
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density of stone is 156 pounds per cubic foot, of iron 2 8 pounds 
per cubic inch and of brass 8 4 grams per cubic centimetre, it 
will take us some time to find by calculation that brass is denser 
than iron, and iron denser than stone. For purposes like this it is 
more convenient to know the specific gravity of a substance 
instead of its density. 

The specific gravity of a substance is the ratio of the weight {or 
mass) of the substance to the weight {or mass) of an equal volume of 
water. 

Specific gravity^__ 

Weiglit (or mass) of equal volume of water. 

Note that specific gravity is a ratio, and is therefore expressed 
as a pure number, i.e., without any unit attached to it. Density, 
however, is expressed in units of mass per unit of volume. 

It is easy to see that specific gravity (henceforth abbreviated 
to S.G.) of a substance is also the ratio of its density, d, to that of 
water, d'. For if V is the volume of the substance 

g ^ _ Mass of volume V of substance 
Mass of volume V of w'ater 

_VX Density of substance __ Vd_d 
V X Density of water Vd' d' 

Since, in the c.g.s. system, the density of water is 1 gmperc.c. 
or 1 kg per litre, the specific gravity of a substance is equal to the 
number expressing its density in grams per c.c. or kg per litre. 

The density of iron is 7-7 gm per c.c. Hence its S.G.is 7*7. 
If the S.G. of brass is 8'4, its density will be 8*4 gra per c.c. or 
8‘4 kg per litre. The table a tp. 26 also gives the specific gravities 
of the substances. 

In the f.p.s. system the density of water is 62-4 lb. per eft. 
(pounds per cubic foot). Hence the density of a substance in f.p.s. 
units (i.e. lb. per eft.) can bo found by multiplying its S.G. by 
62-4. 

26. Effect of Temperature on Density and Specific Gravity 

" The volume of a body increases as it gets warmer, but its mass 
does not change. Since density s= mass -f-volume, it is clear 
that density will diminish as temperature increases. In solids, 
the change of volume with temperature is small. Hence unless a 
high accuracy is aimed at, mention of temperature in connexion 
with the density of a solid will not be necessary. For the same 
rise in temperature liquids expand much more than solids, and 
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gases much more than liquids. It is, therefore, better to mention 
the temperature when speaking of the density of a liquid. In 
gases, the volume is also very easily changed by pressure. So, we 
must always mention the temperature and pressure of a gas 
when speaking of its density. 

Specific gravity, we have seen earlier, is the ratio of the density 
of the substance to that of water. Since the density of water 
changes fairly rapidly with temperature, it is necessary 
to say at what temperature we should take the water to be in 
defining specific gravity. Water is densest at 4°C, and its density 
at that temperature is by definition 1 gm per c.c. In accurate 
determinations of specific gravity, it has been agreed that the 
water should bo considered to be at 4°C. It is, therefore, correct 
to say that: 

The specific gravity of a substance is the ratio of the weight (or 
mass) of any volume of the substance to the weight (or mass) of an 
equal volume of water at 4®C. 

27. Determination of Density 

Since density of a substance is its mass per imit volume, a 
determination of density will involve two measurements, viz., 
(1) the mass of a body made of the substance, and (2) the volume 
of the body. Mass can bo measured by weighing as detailed in 
§ 23. To find the volume we can apply one of the methods des¬ 
cribed in § 20 

Experiment 12. To find the density of a solid of regular geome¬ 
trical shape. 

Apparatus : The given solid (a piece of wood in the form of a 
rectangular parallelopiped, cylinder or sphere) vernier calipers, 
balance. 

Results (for a cylinder) : 

Vernier constant of calipers =.cm. 

Zero error of calipers=.cm (say whether to be added or 

subtracted). 

Diameter of cylinder at three places (two readings at right 
angles at each place) : 


(i)... 

... cm. 

(ii)... 

.. .cm. 

(iii)... 

.. .cm, 

(iv)... 

.. .cm. 

(v)... 

.. .cm, 

(vi)... 

... cm. 


Mean corrected diameter, d— .cm. 

Length of cylinder: 

(i)..cm, (ii).cm, (iii).cm. 

Mean corrected length, .cm. 
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Volume, F=J K(l®Z=fX -^X X X =.c.c. 

Mass, M=.gm. 

Density =MfV— .gm per c.c. 

Ei^eriment 13. To find the density of a solid of irregular shape. 

Apparatus : Solid, measuring cylinder, water, balance. 

Results : 

Mass of solid (by balance), M = .gm. 

Beading of measuring cylinder before adding solid, F, =_c.c. 

Reading of measuring cylinder after adding solid, Va = .c.c. 

Volume of solid, V = V 3 — F, =.c.c. 

Density=Jlf / F=.gm per c.c. 

Experiment 14. To find the density of a liquid. 

Apparatus : Liquid (a solution or an oil), burette and 
stand, clean dry beaker, balance. 

Method : Weigh the beaker. Pour the liquid into the burette 
and allow a little to run out, but not into the beaker. Take the 
reading of the burette. Now allow a convenient volume of the 
liquid to run into the beaker. Take the burette reading. Finally 


weigh the beaker with the liquid. 

ResvUs : 

Mass of empty beaker =. gm. 

First reading of burette =.c.c. 

Final reading of burette =.c.c. 

Volume, F, of liquid taken=.c.c. 

Mass of beaker -f- liquid.gm. 

.*. Mass, j9f, of liquid taken =.gm. 


Density —M / F=.gm per c.c. 

^ (ii) The density of a liquid can be accurately 

X determined with the help of a specific gravity 

6 bottle (Fig. 20), also known as density bottle or 

pyknometer. The bottle is closed with a ground 
glass stopper, which has a small hole through it 
to allow liquid to escape when it is put in position. 
Such bottles are often made to contain a specified 
volume of water at a specified temperature. 

Apparatus : Liquid, clean and dry specific 
Fig. 20 gravity bottle, balance. 

Method : Weigh the empty bottle, which must be clean and 
dry. Fill the bottle with the liquid and insert the stopper. Dry 
the outside with clean rag, blotting paper or filter paper. There 
must not be any air bubble inside the bottle. Weigh it now. 
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Results : 

Mass of empty bottle =.gm. 

Mass of bottle filled with liquid =.gm. 

Mass, JIf, of liquid filling bottle=.gm. 

Inner volume, V, of bottle (as specified) —.c.c. 

Density = MIV= .gm per c.c. 

Bottles of specified volume are rather costly. For the purpose 
of this experiment any specific gravity bottle, even if its volume 
is not known, may be used without inconvenience. The bottle, 
completely filled with water, is weighed and the mass, in grams, 
of the water completely filling the bottle is determined. Since 
water has a density of 1 gm. per c.c., the inner volume of the 
bottle, in cubic centimetres, is easily obtained. 

Experiment 15. To find the density of a powder^ or solid in 
small pieces insoluble in water. 

Apparatus : Sand (or metal shavings), specific gravity bottle, 
water, balance. 

Method : Weigh as indicated below under the head ‘Results’. 
To ensure that there are no air bubbles when you have sand and 
water in the bottle, add a little water to the sand in the bottle 
and shake. The quantity of sand may be such as to fill one-third 
of the bottle. 

Results : 

Mass of empty bottle, w, =.gm. 

Mass of bottle -f sand, = .gm. 

.-. Mass of sand= w,'-»», =.gm. 

Mass of bottle + sand + water on sand, m^=... .gm. 

.-. Mass of water on sand, .gm. 

Mass of bottle -|- water completely filling bottle, ==... gm 

.'. Mass of water completely filling bottle, mg 

=TO 5 —TO, =.gm. 

.*. Mass of water having same volume 

as sand=TO6—TO 4 (=F)=.gm. 

Volume of water having same volume as sand=.. Fc.c. 

.-. Density of sand=(TOa—TO,)/F=.gm per c.c. 

Experiment 16. To find the density of a potoder (or solid in 
small pieces) soluble in under. 

Apparatus: Sugar, specific gravity bottle, water, kerosene, 
balance. 

Method ; Frogeed ae in Experiment 15, but nee keroeene 
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instead of water. Sugar does not dissolve in kerosene. In this 
way find the ratio 

_mass of sugar _ 

mass of an equal volume of kerosene ( V) 

(nil, m, and F relate to the notations used in Expt: 16). 

This ratio may be called the density of sugar relative to kerosene. 
If this is multiplied by the density of kerosene, we get the density 
of sugar. For 

Density of 8ug«r= mass of n quantity of sugar 

its volume (F) 

_ mass of the sugar 

mass of an equal volume, F, of kerosene 

^mass of volume F of kerosene 
volume V 

=Den8ity of sugar relative to kerosene x density of kerosene. 

The density of kerosene may be determined in any one of the 
ways described in Expt. 14. 

28. Determination of Specific Gravity 

Determining the specific gravity of a substance does not in¬ 
volve any more measurement than in finding its density. Mea.sur- 
ing the mass of the body is common to both. To find the density 
we must know the volume of the body, whereas to find its specific 
gravity we must know the mass of an equal volume of water. 
So the volume also must be known in both cases. Since in the 
e.g.s. system the density of water is 1 gm per c.c. the mass of the 
water in grams is the same as its volume in cubic centimetres. 
To find the specific gravity of a body we shall not, therefore, be 
required to make any additional measurement beyond those 
required for finding the density. All methods described in Ex¬ 
periments 12 to 16 for determining density may, therefore, be 
taken also as methods for measuring specific gravity. After 
finding the volume V of the solid in c.c., we need only to say that 
the mass of an equal volume of water =Fgm, and hence the 
specific gravity = MjV, but add no unit as specific gravity is only 
*a number. With the specific gravity bottle, the data directly 
provide the mass of an equal volume of water. 

The Hydrometer. The specific gravity of liquids can be directly 
determined by means of an instrument known as the commerdal 
hydrometer. The commercial constant-weight hydrometer is a 
hollow glass chamber weighted at the bottom and has a 
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graduated stem at the top (Fig. 21). "W^ien floated in a liquid 
it sinks until it displaces its own weight of the liquid. The 
ligliter the liquid the deeper it settles before 
coming to rest. The scale attached to the stem 
is so cfilibrated that the specific gravity of the 
liquid can be read directly at the point where the 
stem projects through the liquid surface. 

The commercial value of many liquids such as 
sugar solutions, sulphuric acid, alcohol etc. 
depends directly on their specific gravity. Hydro¬ 
meters are extensively used to find their specific 
gravities. Some hydrometers are designed and 
calibrated for specific purposes. An alcoholometer 
will give the concentration of spirit; a lactometer 
will judge the purity of milk. One of the Fig. 21 
commonest uses of a hydrometer is in testing the acid solution 
of the lead storage battery. 


b---/ 
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Exercises 

1. Define density. Distinguish between density and specific 
gravity. 

2. Define specific gravity and show that it is equal to the 
density of the substance divided by the density of water. 

3. Why is the specific gravity of a substance equal to the 
number expressing its density in grams per c.c. ? 

4. A lead ball weighs 50 kg. If the sp.gr. of lead is 11'4, what 
is the volume ? 

{Ans : 4386 c.c.) 

5. The density of suli>huric acid is 1*8 gm per c.c. How much 
acid is contained in a bottle of volume 2 litres ? 

(Ans : 3600 gra.) 

6. At one time the alloy used for silver coins was 90 parts 
silver and 10 parts copper by weight. What is the sp.gr. of the 
alloy? (Given sp. gr. of silver =10’6 ; of copper =88). 

(Ans : 10-3) 

7. An ornament made of a gold-silver alloy has a volume of 
30 c.c. and a mass of 626 gm. Find the weight of gold it contains. 
(Sp. gr. of gold =19 3 and of silver=i0-5). (Ans : 460*6 gm) 
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8. A density bottle weighs 24*20 gm when empty, 67*81 gm 
when filled with turpentine and 74*20 gm when filled with 
distilled water. Find the density of turpentine. 

. {Ans : *872 gm per c.c.) 

9. Find the density of copper from the following data : 
Weight of density bottle empty= 20*6 gm. 

Weight of bottle + copper turnings = 111*1 gm. 

Weight of bottle + copper + water on top = 126*4 gm. 
Weight of bottle full of water = 45*3 gm. 

(Ans : 8*7 gm per c.c.). 

10. Find the density of salt from the following data : 

Weight of density bottle empty = 24*20 gm 

Weight of bottle + salt = 27*20 gm 

Weight of bottle + salt + turpentine on top = 69*91 gm 

Weight of bottle full of turpentine == 67*81 gm 

Weight of bottle full of water = 74*20 gm 

(Ans : 2*91 gm per c.c.) 



CHAPTER 3 


ARCHIMEDES' PRINCIPLE 

29. Archimedes* Piiziciple 

The story how Archimedes concluded that King Hiero was 
cheated by a goldsmith, whom the king had asked to make a 
cro^ of pure gold, is well known. It was based on the knowledge, 
believed to have been acquired by him while stepping into a 
bath tub, that a body immersed in water displaces its own 
volume. Later on, he also noticed that the body feels lighter 
when immersed. By careful reasoning he reached the conclusion 
that an upward force equal to the weight of the displaced liquid 
acta on the body immersed. This is now known as the Principle 
of Archimedes. We may state it as follows: 

A body wholly (or partly) immersed in a liquid appears to lose 
a part of its weUrht, which is equal to the weight of the displaced 
liquid. 

If the weight of the body in air =^W gm-w-t., and its weight in 
water =w gm-wt., then the apparent loss in weight= [W—w) 
gm-wt. 

By Archimedes’ principle, (W—w) gm*wt. is the weight of the 
water displaced by the solid. At any place weight is proportional 
to the mass. It, therefore, follows that if the mass of the body in 
air —M gm,and its apparent mass in water =fngra, then (M—m) 
gm is the mass of the displaced water. 

Archimedes’ principle applies to all 
liquids and gases. Liquids and gases 
together are known as ’fluids’. (A fluid 
means any thing that flows). A more 
general way of stating Archimedes’ 
principle will be to say 

“ When a body is immersed in a fluid, it is 
acted on by an upward force equal to the 
weight of the displaced fluid,*' The ascent 
of balloons is governed by Archimedes* 
principle. 

Experiment 17. To verify Archimedes* 
principle. 

(i) Apparatus : Solid (a lump of glass, stone or metal), spring 
balance, overflow can, beaker, measuring cylinder, thread, water 
(Pig. 22). 

3 
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i Suspend the solid by a piece of thread from a 
spring balance, and record its weight. Fill the overflow can, 
and after the overflow has stopped, place an empty beaker 
under its sidetubo. (The first overflow should be caught in a 
vessel and thrown aw'ay). Slowly lower the solid, still suspended 
from the spring balance, into the overflow can till it is fully 
immersed. Record the apparent weight of the solid as given 
by the spring balance. Show that the weight of the water 
collected in the empty beaker is equal to the difference 
of the weights of the solid in air and in water. 

(ii) Apparatus : Solid, spring balance, beaker, water, thread, 

a metal cylinder ex^-ctly fitting into 
another (Fig. 23). 

Tlie cylinder B is closed. It fits exactly 
into A and fills A completely. The inner 
volume of A is thus equal to the outer 
volume of B. B may be withdrawn from 
A and attached below it. 

Method : Suspend the cylinders from 
the spring balance and record the weight, 
B being attached to the bottom of A as 
in Fig. 23. Lower B into a beaker of 
water so as to bo fully surrounded by 
water. Record the apparent weight as 
given by the spring balance. 

Carefully pour water into A (from a 
pipette or a wash-bottle). When it is 
full note that the initial reading of the 
balance is restored. This clearly shows 
that the apparent loss in weight on 
immersion is equal to the weight of 
the ilisplaced liquid. 

30. Application of Archimedes’ Principle to 
Determination of Volume 

Archimedes’ principle states that when a body is weighed (i) in 
air, and (ii) when fully immersed in water, the difference between 
the observed masses is equal to the mass of the water displaced 
by the body. 

K the mass of the body in air =M gm, its apparent mass when 
fully immersed in water =m gm, 

then {M — m) gm =ma8S of the water displaced. 

Now, 1 gm of water has a volume of 1 c.o, 


© ^ 



Fig. 23 
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Volume of water displaqcd ={M — m) c.o. 

But this is also the volume of the solid. 

Volume of solid =(Jlf— m) o.c, 

81. The Hydrostatic Balance 

It differs but little from a common balance, and is designed to 
weigh a body both in air and water with convenience (Fig. 24). 



Fig. 24 


The balance carries a hook above the pan. The body to be weighed 
in water is hung by a fine thread from this hook. A bridge 
spans the scale pan and supports a beaker of water in which the 
body is immersed. The bridge or the beaker does not touch the 
pan or its supporting arms. The body is weighed, first, while 
hanging in air, and then when fully immersed in water. While in 
water, it must not touch the bottom or the sides of the beaker. 

32. Using the Hydrostatic Balance for determining Densities and 

Specific Gravities 

We have just seen how by weighing a solid in air and in water 
we can find its volume. We have also seen how a liydrostatic 
balance makes it easy for us to weigh a body both in air and water. 
This balance, therefore, provides convenient data for finding the 
density and specific gravity of a solid. Its use can easily be 
Cjjtended to liquids. 
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In all experiments with the hydrostatic balance it is necessary 
to take the following precautions : 

(a) The body must remain completely immersed even when the 
beam is raised. 

(b) The body must not touch the sides or the bottom of the beaker. 

(c) The bridge must not touch the balance pan. 

(d) No air bubble must stick to the body. 

Experiment 18. To determine the density of a solid heavier than 
water. 


Apparatus : A piece of glass (or a metal), thread, hydrostatic 
balance with weight box, bridge, beaker, water. 

Method : Weigh the solid in air and then in water. The thread 
may be waxed so as not to soak water. Take all precautions 
mentioned above. 

Results : 

Mass of solid in air, tn, =.gm. 

Mass of solid in water, m^ =.gm. 

.*. Mass of displaced water which has the same volume as the 

solid s=«i,—wia =.gm. 

Volume of solid =(wi,—nia) 0 . 0 . =.o.c. 


•. Density s= 


m, gm. 


S. G. = 


(w,—m,) c.c 
mi gm. 

(m,—Wa) gm.' 


= . . gm. per c.c. 


Experiment 19. To determine the density of a solid lighter than 
water. 

Apparatus : The solid (a lump of wax), sinker (a metal piece), 
hydrostatic balance, weight box, bridge, beaker, water, thread. 

Method : We require another body, ealled a to be attach¬ 

ed to the solid so that the two together may sink in water. 
First, weigh the solid in air. Tie the sinker to the solid so that 
you may weigh with the solid in air and the sinker in water 
without the sinker touching the bottom or the sides of the beaker. 
Then weigh with both the solid and the sinker fully immersed in 
water. 

Results : 

Mass of the solid in air, m, =.gm. 

Mass of the solid in air + sinker in water, m, = • • •. gm. 
Mass of solid in water -f- sinker in water, m^ = .., .gm. 

.*v w»a —m 3 =Masa of solid in air—^mass of solid in water 

^mass of water displaced by solid,. ..gm. 
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.• Volume of solid = Volume of displaced water=(»na—m 3 ) c.c. 

=.c.c. 

Density = -—— =.gm. per c.c. 

(ma—m 3 ) c.c. 

fs. G=-J!1 i-SJ^=. 1 

I (ma~m 3 )gm. J 

Experiment 20. To determine the density of a solid soluble in 
water. 

Apparatus : Solid (large crystal of copper sulphate or alum), 
hydrostatic balance, weight box, bridge, beaker, water, thread, 
kerosene. 

Method : Using the method described in Experiment 18 first 
find the density of the solid relative to kerosene. 

Multiply the value by the density of kerosene, which may be 
found from the tables or determined by any of the methods 
described in Expt. 14 or 21. 

Experiment 21. To determine the density of a liquid. 

Apparatus : Liquid (a solution or an oil), hydrostatic balance, 
weight box, bridge, beaker, water, thread, a solid which does 
not dissolve in the liquid or in water, and sinks in both. 

Method : Weigh the solid in air, water and the liquid. 


ResuUs: 

Mass of the solid in air, m, =.gm. 

Mass of the solid in water, m^ — .gm. 

Mass of the solid in the liquid, m 3 =.gm. 

Mass of liquid displaced by the solid =m,—m 3 =... ,gm. 


Mass of water displaced by the solid =mj—ma =.gm. 

.‘.Volume of solid =(m,—m,) c.c. 

Density of liquid 

_raas 8 of a volume of li quid eq u al to the v olume of the solid 

volume of the solid 
(mj-mg) gm. 
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Exercises 


1. State Archimedes’ principle, and describe an experiment to 
verify it. 

2. How can you find the volume of a solid with the help of 
Archimedes' principle 1 What precautions should you take so 
that veur result may not be vitiated ? 

A body weighs 60 gm in air and 40 gm in water. Find 
its volume and specific gravity. (Aw« : 10 o.c.; 6) 


4. A string, which snaps when the load on it is 4 lb., is made to 
support under water a brick w'hich weighs 6 lb. in air. Find what 
fraction of the brick will emerge when the string snaps in the 
course ofpulling the brick out of the water. (Sp.gr. of brick —1-5.) 






{Ans : 7/10) 


5. A body weighs 300 gm in air and 270 gm in a liquid of sp. gr. 
0'9. How much will it weigh in water ? Find its volume and 
speci^c gravity. {Ans : 266 7 gm ; 33-3 c.c.; 9) 

The weight of a piece of gold alloyed with silver is 20 gm 
in air and 18 7 in water. If the specific gravities of gold and 
silver are 19 3 and 10’5 respectively, how much gold is there in 
the piece 1 {Ans : 13 9 gm) 

^^7. Find the density of cork from the following data : 

Weight of cork in air =2 gm. 

Weight of sinker in water =60 gm. 

Weight of cork and sinker both under water = 44 gm. 

{Ans : 0 25 gm per c.c.). 


8. A piece of sodium weighs 0 34 gm in an oil of which the 
specific gravity is 0 8, and 0’64 gm in an oil of sp. gr. 0’7. Find 
the mass, density and volume of the specimen. 

(Aws : 1’94 gm; '97 gm per o.c. ; 2 c.c.) 


9. Describe and explain how you would determine the density 
of a coin by weighing it in air and in water. 



CHAPTER 4 


PRESSURE IN LIQUIDS 

33. Pressure—What it means 

Hold a pencil vertically with its flat end resting on your palm 
and load the pencil by putting a book of moderate weight on its 
top. The weight of the book exerts a thrust on your palm. Now 
invert the pencil so that its sharp end rests on your palm while 
the flat end supports the book. The weight of the book exerts the 
same thrust as before, but the sensation to wliich it gives rise is 
more acute and may even be painful if the pencil is very sharp. 

What is the reason for this difference in sensation ? -The force 
with which the palm was pressed, was the same in both cases. 
But the areas over which this force acted w'cre different. With 
the flat end of the pencil on your palm, tlic weight of the book 
was spread over a wider area than when the sharp end pressed 
you. What mattered was not the force alone, but also the area 
over w'hich it acted. 

It is not difficult to get other examples of the kind. Tf you 
wrap round a heavy parcel with a thin string and hold it for some 
time by the string, yoxi will soon feel pain. But if the string is 
attached to a wide handle, and the parcel is hekl by this handle, 
it coidd be carried with less discomfort. In the former case the 
force exerted per unit area on your fingers by the load w'as larger 
than in the latter case. 

When you walk bare-footed on plane ground the weight of your 
body acts over that area of your foot which is in contact with 
the ground. But if you walk on a bed of pebbles, particularly 
with sharp edges, you feel pain because the w'eight of your body 
now acts over much smaller areas. 

34. Piessure and Thrust 

Pressure is defined as the force per unit area. If a total force 
F acts over an area A, the pressure P is given by 

p__Foroe_jP 
""Area A 

The force Fm often called a thrust. It acts perpendicular to the 
area A and gives rise to the pressure. 

Units of pressure. It is clear from the above that ’pressure’ 
is not the same as ‘force’. While force is expressed in the usual 
units, such as pounds or dynes, pressure is expressed iii. units 
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like ‘pounds per square inch’ or ‘dynes per square centimetre* 
etc., involving both the unit of force and the imit of area. 

In engineering practice, the term ‘pressure’ or ‘total pressure’ is frequently 
used with the meaning of force in the foregoing statement, while ‘unit pressure’ 
or ‘intensity of pressure’ is used to mean ‘pressure’ as defined above. In this 
book we shall use the term ‘pressure’ as force per unit area. 

35. Pressure at a Point 

We often speak of ‘pressure at a point’, particularly when dis¬ 
cussing liquids. Since a point has no area, a question naturally 
arises as to the meaning of the term. If F is the force exerted 
over an area A surrounding the point in question, A being so small 
that the pressure over it may be taken as uniform, then the ratio 
P=FIA is called the pressure at the point. 

36. Liquid exerts Pressure 

A liquid exerts a force against any surface 
with which it is in contact. The existence of such 
forces may be demonstrated in various ways. 

(i) Take a long tube closed at one end and 
push it down into a column of water as shown in 
fig. 25. When left to itself the tube will be seen to 
spring upward. Your pencil, a liglit stick or a 
piece of cork will do the same. Obviously, water 
exerts an upward force upon the bottom of each. 

A boat would sink if there were no such force. 
Tlie force balances the weight of the boat. 

(ii) Take a tall cylinder, closed at one end and 
provided with small holes at dififerent depths 
below the open top. When you fill it with water 

Fig. 26 you will find that (a) water comes out with greater 

force at greater depths, and (b) from each hole the jet of water 
emerges perpendicular to the wall of the cylinder (Fig. 26). (This 
latter effect will be masked if the jets are made to pass 
through glass tubes fitted to the side of the cylinder.) 

These show that (a) the liquid exerts a thrust which increases 
with depth (below the top), and that (b) the thrust acts normal 
to the surface (of the container). 

(iii) The thrust exerted by a liquid acts in all directions. Water 
will rush into a boat through a leak whether the leak is in the 
botj^m or in the sides. 

Tb show that the thrust on a surface increases with depth and 
at a given depth it is the same in all directions, we may use the 
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arrangement shown in fig. 27. A thin rubber membrane is 
stretched across the mouth of a thistle tube A. A is coimected 
by a rubber tube to 
a glass tube B of 
narrow bore. D is 
a pellet of mercury 
serving as index. 

If the membrane 
is pressed, D moves. 

The arrangement 
acts as a pressure 
gauge. 

Push A, mouth 
downwards, into a 
liquid. As the depth 
of immersion in¬ 
creases D moves 
more and more 
away from A show¬ 
ing that the force 
on the membrane 
increases with ^‘8* 26 

depth. Hold A at a fixed depth below the liquid, and so turn it 
that the centre of the membrane remains at the same depth. It 

will be found 
that D does 
not move. 
This shows 
that the force 
on the mem* 
Fig. 27 brane is the 

same whatever the direction it faces, provided the depth of its 
centre below the surface remains unchanged. 

(iv) The magnitude of the thrust on any surface is equal to the 
weight of the liquid above the surface. This can be 
demonstrated in the following way: 

Take a cylinder open at both ends. Its lower end 
can be closed water-tight by a light glass or metal 
plat«. When the cylinder, with the plate closing one 
end of it, is pushed into a liquid the upward force 
on the plate holds the plate in position (Pig. 28). 

Carefully pour liquid into the cylinder. The weight 
of the liquid will press down on the plate and Fig. 28 
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it 

gradually neutralise tlie upward force. The plate drops when 
the liquid in the cylinder reaches the same level as that 
outside. This clearly shoAVS that the upward force exerted by a 
liquid upon a surface is equal to the weight of the liquid above 
the surface. 


37. PressQie at a Depth in a Liquid 

From the foregoing we conclude that 

(i) a liquid exerts a normal force (i.c. a thrust) on any surface with 
which it is in contact, 

(ii) such forces act in all directions, 

(iii) the magnitude of the force is equal to the weight of the liquid 
above the surface. 

Instead of referring to the total force acting on a 
surface, it is more convenient and often more profit¬ 
able to refer to the pressure, i.e., the force per unit 
area. 

To obtain an expression for the pressure at a point 
in a liquid, at a depth h below the free surface 
of the liquid, imagine a small horizontal area .4 sur¬ 
rounding the point. Consider the liquid contained in 
the vertical cylinder which has .4 as its base (Fig. 29). 
The vertical forces on the cylinrler are (i) the 
upthrust on the base, and (ii) the weight of the liquid in the 
cylinder. These two forces are equal. 

The thrust on the base = the weight of the cylinder 
=volume of cylinder x density of liquid 
=h A X d, where d is the density. 

The pressure P at the point is, therefore, given by 
p _ thrust on the base _ A A d_-^^ 
area of the base A 

or Pressure = Depth x Density. 

If the depth is in centimetres and density in grams per c.c., 
pressure will be in ‘gm wt. per sq. cm.’ If the depth is in feet, and 
density in pounds per cubic foot, pressure will be in ‘lb. wt. per 
sq. ft.’ If necessary the units can be changed easily, e.g., from 
‘pounds per sq. foot’ to ‘pounds per sq. inch’ etc. 

An indirect way of stating pressure. Sometimes the pressure is 
expressed in an indirect way by mentioning only the liquid and 
the depth. The expression *a pressure of 30 inches of mercury* 
means the hydrostatic pressure due to a column of mercury 30 
inches high, i.e., the pressure at a depth of 30 inches in mercury. 



Fig. 29 
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Mercury has a specific gravity of 13*6. Hence its density is 
13-6 X62-4 lb. per eft. or (13-6 X62 4)-^(12x12x12) lb. per 
cubic inch. 

Pressure of 30 inches of mercury 


30 in . X 13 6x62- 4 lb. 
12x12x12 cu. in. 


=14-7 lb. per sq. in. (nearly). 


A pressure of 100 ft. of water will be 100 X 62*4 lb. per sq. ft. or 


100 X 62-4 
12x12 


lb. per sq. in. 


38. Thrust on a Surface immersed in a Liquid 

The magnitude of the thrust will be given by the product of the 
pressure and the area provided the pressure is constant over 
the area ; i.e., if the surface is horizontal. Otherwise, 

Thrust—Area X Averugre jjressttre over the area. 

The average pressure over a rectangular wall confining a liquid 
is the pressure at the mean depth. If a dam is a quarter of a mile 
long and water is 100 ft. deep, the thrust on the dam—area 
of the dam under w'ater x pressure at 50 ft. 

=r(1320xl00) sq. ft.x50 ft. x62-4 Ib./cu. ft. 

=1-84 xlO^ tons nearly. 

Larger pressures at greater depths would require that dams be 
constructed to have a greater thickness at the base than at the top. 

39. Some Results of Dependence of Liquid Pressure 

on Depth only 

It should be clearly noted that pressure in 
a given liquid depends on the depth of the point 
in question below the free surface of the liquid. 

In engineering practice this depth is called the 
‘head’ of the liquid. Pressure at a point does not 
depend on how far below the point the liquid 
extends. Nor does the pressure depend on the 
shape of the vessel containing the liquid, or the 
area of its cross-section. 

Some consequences of this property of liquid 
pressure are the following : 

(i) The pressure at all points in the same 
horizontal plane inside a liquid is the same. We 
shall have to use this result in many cases. 

When two liquids which do not mix are poured 3® 

into the vertical limbs of a U-tube, the liquids stand at different 
heights in the two limbs. In Fig. 30, let and Aj be respectively 
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the heights above the common surface of separation, and d, 
and d,, the densities of the corresponding liquids. Consider a 
horizontal plane CD dra\vn through the common surface. The 
pressure all over this plane CD {within the liquid) is the same. 
At C, the pressure is d,. At D, it is had,. 

. . h^ dj —— ^^2^2* 

This result provides a method for comparing the densities 
of two liquids. Experiments based on it are described in §40. 
Note that the result is not affected by the diameter of the 
tube. The two limbs of the tube may have different diameters, 
(ii) A liquid stands at the same height in communicating vessels 



Fig. 31 

a town from overhead tanks. 


(Fig. 31). Notice 
that in a teapot 
water stands at 
the same level in 
the spout as in the 
body of the pot. 
This property of 
a liquid is some¬ 
times expressed 
by saying that 
a liquid seeks its 
own level. Advan¬ 
tage is taken of 
this property of 
water in distri¬ 
buting water in 


Water-Bupply in a town. A town may be supplied with water 
from a distant source. The source of water may be a natural or 
artiffcial lake formed by putting a dam. across a river. The 
channel, called an aqueduct, which carries the water from the 
lake to the town may pass under hills, fields, roads or streams. 
The water, after necessary purification, is forced into storage 
tanks, which are kept at a high elevation. 

The distribution within the town is made through a system of 
pipes buried in the ground. Water is forced through these pipes 
by the pressure which results from the height at which the storage 
tanks are placed. The pressure at each faucet in the town depends 
upon the difference between the height of the storage tank and 
that of the faucet. 

If a static condition prevailed water in buildings could reach the 
height of the storage tanks. But when water is flowin g the 
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friction in the pipes prevents the water from reaching the full 
height, i.e., from finding its own level. 

40. Comparison of Densities of Liquids by U-tube 
and Harems Apparat^ 

Experiment 22. To compare the densities of oil and water by a 
V-tube. 

Apparatus. U-tube on stand, oil, water, mercury, scale. 

Method. Mount the U-tube 
vertically on the stand. Fill its 
curved part with mercury {Fig. 32), A 
Pour water into one limb and oil 
into the other until the mercury levels 
in the two limbs are the same. Measure 
the vertical heights of the columns of 
oil and water above the mercury 
in the two limbs. Let them be h^ and 
hg respectively. 

Since mercury stands at the same 
level in both limbs, the pressure Fig. 32 

above it is the same. The pressure above the 
mercury in the limb containing oil=A,d!, 
where d, is the density of oil. The pressure in 
the other limb is h^ where d, is the density 
of water. 

.'. h^di^^hf^d^ or di^^dji^jhi 

Besults: 

Height of oil column, Aj = cm. 

Height of water column, h^= cm. 

Density of water, da —1 gm per c.o. 

.-. Density of oil=Aa/A, == ... gm per c.c. 

Experiment 23. To compare the densities 
of two liquids by Hare's apparatus. 

Hare’s apparatus (Fig. 33) consists of an 
inverted U-tube with a side tube carrying a 
piece of rubber tube and a pinch cock. The 
open ends of the limbs dip into two beakers 
containing the experimental liquids. 

Apparatus. Hare’s apparatus on vertical 
stand, beakers filled with experimental liquids, 
scale. 

Method. Suck out air partially through the 
Fig. 33 side tube of Hare’s apparatus while its open 
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ends dip in beakers containing the two liquids. The liquids rise 
to different heights in the limbs. Measure the height of each 
liquid column from the free surface of the liquid in the beaker. 
(The levels in the two beakers need not be the same.) Let the 
heights and densities be A,, h^ and d,, d,. 

The pressure on the free surface of the liquid in a beaker is the 
atmospheric pressure P (See § 45). At the same level inside the 
tube the pressure is also P. But this is now made up of the pressure 
A, d, due to the liquid column and the pressure P' of the air in 
the apparatus. 

/. Pz=h^d^-\-P' 

In the other limb, we have, similarly, 

P--=Kd^ + P' 

. . h^dj —— h^d^ . 

(Results may be recorded as in the previous experiment.) 

41. Pascfd’s Law of Transmission of Pressure by Liquids 

From the fact that pressure within a free liquid depends only 
upon the depth and density of the liquid, Pascal, a French 
mathematician (1623-1662), drew a very important conclusion. 
It is known as Pascal’s law and may be stated as follows : 

Pressure applied anywhere to a body of confined liquid is trans¬ 
mitted by the liquid and acts undiminished at every point of the 
liquid and on the walls of the container. 

With the help of Pascal’s law a small force can be, transformed 

into a large one. Consider the 
arrangement illustrated in Fig. 
34. It is a confined body of 
liquid connecting two cylinders 
of areas a and A respectively, 
each fitted with a piston. If a 
force / is applied to the small 
piston, the increase of pressure 
on the liquid will bo fja. 
This pressure, transmitted 
undiminished by the liquid, will act on the larger piston and 
give rise to a force F=A Xfja. The force / is thus multiplied 
by a factor A/a. If 0=1 sq. cm. and A=1000 sq. cm. a force of 
1 kg. applied to the small piston will cause a force of 1000 kg. 
to be applied to the large piston. 

42. Hydraulic Press 

The above principle is employed in the hydraulic press, a 
mBolui\e now in common use for a host of purposes, such as 



Fig. 34 
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subjecting bales of cotton, jute etc. to enormous compressing 
forces, punching holes through metal plates, pressing metal 
sheets into shape, testing strength of iron beams, extracting 
oil from seeds etc. 

Fig. 36 represents dia- 
grammatically a hydraulic 
press in section. As the small 
piston p is raised, water 
from the cistern G enters 
the piston chamber through 
the valve v. As soon as the 
downstroke begins the valve 
V closes and the valve v' 
opens. The pressure applied 
on p is transmitted tlirough 
the tube K to the large 
reservoir. There it acts on 
the large cylinder P. If tlie 
areas of cross section of p 
and P are a and A res¬ 
pectively, and the force on p is /, then the force F acting on 
P is fxAja. 

The lever L also helps in multiplying the force. For iff' is the 
force applied to the lover, and m is the ratio of its longer arm to 
the shorter arm, then f=mf'. So, by exerting a force /' we get a 
force F^mf'xAja. 

Hydraulic brakes used in automobiles, the hydraulic jack 
which raises heavy loads or the garage-lift which lifts automobiles 
provide furtlior examples of application of Pascal’s law'. 



Fig. 35 


43. Floating Bodies 

According to Archimedes’ principle a body, even if partly 
immersed in w^ater, will experience an upw'ard buoyant force equal 
to the weight of the liquid fUsi>laced, The downward force on the 
body is its weight. When the tw'o forces are equal, the body will 
float. We may say that a body mil float when it displaces its own 
weight of the liquid. When a floating body is placed in a liquid 
it will sink until it displaces its own weight of the liquid. If 
pushed further into the liquid, it will rise when released. 

(i) Let V o.c. be the volume of a floating body of density d 
gm per o.o. Letnbethe fraction of itsvolume immersedinwaier when 
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the body floats. Then its weight is Vxdgm wt. and the weight of 
of the displaced water is nV gm wt. 

Vd=nV 

or d—n gm per c.c. 

If the liquid in which it floats has a density d', we shall have 

or d—nd' 

The result may be expressed in words as follows : 

I/a solid floats in a liquid with a fraction n of its volume immersed, 
then the density of the solid is n times that of the liquid. 

(ii) Let Z, and Zj be the distances to which a cylinder of cross- 
section A sinks in two liquids while floating in them. Let d, 
and da be the respective densities of the liquids. By Archimedes* 
principle the weight w of the cylinder 

AX,d^ —= Al^d„ 


Now, if di and Z, refer to values for water, djd, is the specific 
gravity of the other liquid. Hence we may say-that 

The specific gravity of a liquid is the ratio of the depth Z„ which 
sinks in waier, to the depth Z,, which it sinks in the 

A wooden cylinder of uniform cross-section is 10 cm. 
long. It floats in water with 2 cm. above the surface. In a salt 
solution it floats with 3 cm. above the liquid surface. Find the 
density of the salt solution. 

Let A sq.cm, be the area of cross-section of the cylinder, and d, 
the density of the solution in gm per c.c. Then the weight of the 
cylinder=weight of displaced water = weight of displaced liquid. 

Now, weight of displaced water=8A gm wt. 
weight of displaced liquid =1 Ad gm wt. 

.‘. lAd=SA or d=8/7. 

(iii) Sinkmg bodies. It is easy to find the condition when a 
body will sink in a liquid. Let V be the volume of the body, 
supposed fully immersed in a liquid of density d'. Let d be the 
density of the body. 

Then the weight of the body acting downwards 

The upthrust on it=:weight of the displaced water=FcZ'. 

The body will sink if 

its weight the upthrust on it. 
i.e. Vd > Vd' 
or d > d". 


ZAe cylinder 
liquifl^y^ 

^^^Iroblem. 
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It is, therefore, clear that a body mil sink in a liquid if its density 
is greater than that of the liquid. If d<id' the hodyflocds. 

The density of iron is much greater than that of water. How 
does then an iron ship float in water ? This is due to the shape 
given to the iron in constructing the ship. The shape is such that 
the ship can displace a large volume of water, much more than 
what her iron would displace if immersed fully in water. 

The average density of the human body is very close to that of 
water. When we breathe out air our body becomes denser than 
water and will sink. But when air is inhaled the body is lighter 
than water. 

The water of the Dead Sea contains much salt in solution and is 
so dense that one does not sink in it. 

(iv) Hydrometers. The varying depths to which a floating body 
sinks in liquids of different densities is utilized in the construction 
of commercial hydrometers. (See § 28). The following experiment 
maybe done with profit to understand the action of hydrometers. 

Experiment 24. To construct a hydrometer from drinking straw. 

Apparatus: Drinking straw, molten wax, sand or lead shots, 
strip of graph paper. 

Method: Select a piece of drinking straw with as uniform a 
section as you can get. Close one end with molten wax. Put 
some sand or a few lead shots into it so that the loaded straw can 
float in water with about three-fourths of its length immersed 
in water. Cut a narrow strip of graph paper and fix it along the 
tube. It will serve as a scale. 

Float the tube in water and note where the water stands on 
your paper scale. Mark this place as 1000. Then float it in a 
solution of copper sulphate or brine of known specific gravity. 
Mark the place on the scale where the liquid stands, and put 
against it the value of the specific gravity of the liquid multiplied 
by 1000. 

Count the number of divisions on the paper scale lying between 
these two marks. Let it be n. Let N be the difference between the 
readings at the two marks. Then each division on the paper 
scale represents a change of specific gravity of NJn units on the 
scale that the specific gravity of water is 1000. The values 
increase downwards. 

Now measure the specific gravity of some other solution with 
the hydrometer you have so constructed. 

(v) Floating of Ships* The modem ship may be regairded as a 
huge hydrometer. Though made of a matwal heavier .^lan, 

4 
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water, she does not sink because of the air she contains—much like 
a hydrometer made of glass. A ship has special lines painted on 
the outside, which mark tjie level beyond which she must not 
sink when loaded. The lines are marked with letters, such as 
FW, IS, S, W etc. FW stands for ‘fresh water’, IS for 'Indian 
Ocean in Summer’, S and W for ‘Summer’ and ‘Winter’ in other 
seas. The W line is lowest and the FW line is highest because 
a siiip of given weight sinks more in fresh water (which is lighter) 
than in the cold saline water of a winter sea (which is denser). 

The lines are in a way analogous to the graduations on a hydro¬ 
meter. They are called Plimsoll lines after Samuel Plimsoll who, 
in 1876, got an Act of Parliament passed restricting loading of 
ships beyond these lines. 

When we say that a ship has a displacement of 10,000 tons we 
moan that the weight of the ship and cargo together will be 10,000 
tons to sink her to the Plimsoll line. 

(vi) BalloollS. When a piece of cork immersed in water is 
released, it floats up due to the upthrust exerted on it by the water. 
Similarly, when a body lighter than air is released in air, it will 
float up. Archimedes’ principle applies both to liquids and gases. 

The balloon acts on this principle. Its bag or envelope is made 
of two or three layers of thin cotton or silk impregnated with 
rubber so. as to make it light, strong and gas-tight. Passengers, 
equipment and ballast, if any, are placed in a gondola suspended 
from the envelope by light cords. The gas may be hydrogen or 
helium. Helium is non-inflammable and is preferred to hydrogen, 
though the latter has a greater lifting power as it is lighter. 

A balloon is not completely filled at the start. As it ascends the 
outside pressure diminishes, and the gas in the bag expands. The 
balloon rises to a height where its total weight equals the weight 
of the air it displaces. To come down, some gas is allowed to 
escape through a valve. 

^ Ezereises 

• VJP^Distinguish between pressure and thrust. Express a pressure 
of 1 ton per sq. ft. in pounds per sq. in. {Ans ; 16*6). 

What do you understand by the expression ‘pressure at a 
point* 1 

2. Describe simple experiments to demonstrate any two of the 
following : 

(a) A liquid exerts a normal thrust on any surface with 
ivhich it is in contact. 
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(b) The thrust exerted by a liquid increases with depth. 

(oj The thrust due to a liquid acts in all directions. 

..^s^THow would you establish the relation that in a liquid, 
pressure=depth X density ? 

4. What do you understand by the expression a pressure of 
30 inches of mercury’ ? Express it in pounds per sq. in., given 
that the sp. gr. of mercury=l3'6 and 1 eft. of water weighs 
62-4 lb. {Ans: 14*7) 

6. The water on the upstream side of a dam is 120 ft. deep. If 
the river bed is of rectangular section and the dam is half-a-mile 
long, find the thrust on the dam in tons. {Ans : 6*3 X lO^). 
Why is a dam thicker at the base ? 


6. How can you compare the densities of two liquids with the 
help of a U-tube ? 

Is it necessary that the limbs of the tube should have the same 
area of cross section 1 Explain your answer. 


7. What advantage does Hare’s apparatus offer over the 
U-tube for the comparison of densities of liquids 1 
Why, in Hare’s apparatus, is it necessary to measure the height 
of a liquid column from the free surface of the liquid in the 


beake^ 

State Pascal’s law, and illustrate how a small force can be 
tran^rmed into a large one with its help. 

''^f^raw a sketch to illustrate the action of a hydraulic press, 
and explain how it acts. 


Mention some of its uses. 


10. What are the conditions that a body will (i) float, (ii) sink, 
in a liquid ? 

11. Calculate the pressure at a depth of 76 cm. of mercury. 

What height of water will exert the same pressure ? (Sp. gr. of 
mercury=13‘6). (i4w5: 1034 gm. wt. per sq. cm; 1034 cm.) 

12. The level of water in the storage tank of a water-supply 
system is 80 ft. above the ground. If the loss of pressure head 
due to friction etc. is 50 ft., what is the pressure at a faucet 20 ft. 
above the ground ? (Ans ; 10 ft. of water, or 624 lb. per sq. ft). 

By lowering the level of a tap you can get more water out of it, 
Why? , 
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The bend of a XJ-tube is filled with mercury. Enough brine 
of sp. gr. I’lOis poured into one limb to create a difference of 
1 cm in the levels of mercury in the two limbs. What is the 
height of the column of brine ? (Sp. gr. of mercury =13-6). 

{Ana : 12*4 cm.) 

15. If the sp. gr. of ice is 0'917 what fraction of its volume will 
jut when ice floats on water ? {Am : 0*083) 

A uniform stick sinks 0*8 of its length in a liquid and 0*9 
in water. Find the density of the liquid. {Am : 9/8 gm per c.c.) 

A straight stick is 1 sq. in. in cross section. It is pushed 
4 ft. into water. What is the upthrust on the stick ? If the 
stick weighs one pound, how much force will be needed to hold 
the stick in position 1 What is the direction of this force 1 
{Am : 1*73 lb. wt. and 0*73 lb. wt. nearly; downwards.) 


18. A solid floats with 1/6 of its volume above water. What 

fraction of its volume will project if it floats in a liquid of density 
1*2 gm per c.c. ? {Am : 11/36) 

19. The specific gravity of ice is 0‘916, and that of sea-water 
is 1*026. If the volume of an ice-berg projecting out of water 
is 1000 cubic feet, how much of it is submerged ? {Am : 8404 oft) 

20. A mine of volume 200 litres and mean specific gravity 
0*95 is held under water by a light chain fastened to the sea-bed. 
Calculate the upthrust on the mine when the specific gravity of 
sea-water is 1*02. What is the tension in the chain ? 

{Am : 204 kgm. wt.; 14 kgm wt.) 
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AIR PRESSURE AND ITS MEASUREMENT 

44. Atmosphere 

Everything on the earth’s surface is submerged in an ocean of 
air. This gaseous envelope surrounding the earth is called the 
atmosphere. It is not possible to say precisely how far above the 
earth the atmosphere extends. The air is densest at sea-level, 
gets thinner and thinner the higher up we go and finally thins 
out into interstellar space. Experiments with radio waves show 
that small amounts of air exist even at a height of more than 
two hundred miles. Much information in this regard has been 
and is being collected through rockets shot high into the air and 
through the artificial satellites. But very little of this information 
has so far been released to the public. 

The molecules of air move about at terrific speeds. The gravita¬ 
tional attraction of the earth prevents them from flying away 
into interstellar space and being lost to the earth. The force of 
gravity is directed towards the centre of the earth and is stronger 
at lower heights above the surface than higher up. Hence air 
molecules tend to crowd together near the surface of the earth. 
Complete crowding is prevented by the motion of the molecules. 
The result is that there are more molecules crowded in a given 
volume neai the surface of the earth than above it. This is why 
the atmosphere gets thinner and thinner as we go higher up. 

The total weight of the atmosphere has been estimated to be 
5 xlO'5 tons. About 50% of it lies within 3^ miles of the surface 
and 99% within 20 miles. 

46. Atmospheric Pressure ^ 

The atmosphere exerts a pressure on every thing which is in 
contact with the air. This pressure, called the atmospheric pressure, 
is equal to the weight of a column of air contained in an imagi¬ 
nary cylinder of unit cross-section and extending up to the top 
of the atmosphere. At the sea-level the magnitude of this pressure 
has been found to be equal to a weight of 14'71b. per square inch. 

46. Demonstratioii of Atmospheric Pressure 

The existence of atmospheric pressure can be demonstrated in 
various ways. Like liquid pressure it acts in all directions and is 
perpendicular to any surface with which the air is in contact. If 
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a surface has air on both sides of it there is no unbalanced force 
due to atmospheric pressure acting on the surface. The thrusts 
exerted by the atmosphere on the two sides of the surface are 
equal and opposite. To demonstrate the effect of atmospheric 
pressure on a surface, the air must he fully or 'partially removed 
from one side. 

(i) A thick walled glass vessel (Fig, 36) open at both ends is 
closed at one end by a stretched rubber mem- 
brane. The other end, which is well ground, is 

! 11 placed on the receiver of an air pump. As the 

11 air inside the vessel is gradually pumped out, 

11 the membrane sags more and more. It may 

—i ir I eventually burst. 

I'l Before the air was pumped out the mem- 

Fig. 36 brane had been subjected to the same pressure 

due to air on both sides. As air was removed from one side, it 
gradually yielded under the pressure exerted on the other side. 

If the receiver were inclined at various angles while the pump 
was running, there would be no change in the sagging of the 
membrane. This would show that the pressure is exerted in all 
directions. 


(ii) A glass tumbler, full to the brim with water, is covered 
with a thin metal disc ora piece of card-board, 
leaving no air inside. The tumbler is then 
inverted while the card is still pressed to it 
(Fig. 37). On removing the support from the 
card neither the card nor the water will be 
found to drop. They are kept in position by the 
upward pressure of the air acting on the card. 

For the experiment to succeed the card should Fig. 37 

touch the rim at all points. 

We shall see later that air can, in this way, support a column 
of water about 34 feet high, or a column of mercurj’- 76 cm in 
height, and that the height of such a column provides a measure 
of the atmospheric pressure. 

(iii) Magdeburg Hemispheres. A very impressive experiment to 
demonstrate the effect of atmospheric pressure was performed 
by Otto von Guericke, a Prussian scientist, before Emperor 
Ferdinand in 1664. Two copper hemispheres, about 22 inches 
in diameter, were placed together to form a sphere as shown 
in Fig. 38. A ring of leather soaked in oil and wax was set 
between them to make an air-tight joint. When the air was 
pumped out of the sphere two teams of eight horses each were 
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required to pull the hemispheres apart. It is easy to calculate 
that the force holding the hemispheres together amounted to 


about three tons. 

Class experiments are 
generally shown with hemis¬ 
pheres as in Fig. 39. The 
surfaces of the hemispheres 
which come into mutual 
contact are well ground. A 
thin layer of vacuum grease 
makes the joint air-tight. 
For a sphere four inches in 
diameter, the total force 
pressing the two together is 
about 180 lb. when they are 
evacuated. 


Lenther 




(iv) CoUapsii^ can experiment. The existence of air pressure 

acting in all directions can 
also be shown as follows. 
Pour a small quantity of w'ater 
in a gallon can and boil the 
water vigorously for a few 
minutes until the steam 
replaces most of the air in the 
vessel. If the mouth of the can is then tightly closed with a 
rubber stopper and the can allowed to cool, the steam inside 
will condense and pressure Inside the can will fall to a low 
value. Unless the can is very stout, the greater pressure outside 
will be enough to crush it. 

Further examples of the action of atmospheric pressure are 
provided by some very well known 
phenomena. In breathing, our chest 
muscles pull the ribs upward and out¬ 
ward while the diaphragm flattens. 

This increases the size of the chest 
cavity and reduces the pressure around 
the lungs. The atmospheric pressure 
then forces air into the lungs. In drink¬ 
ing water or sipping a cold drink with a straw, we diminish the 
air pressure inside the tube and in our mouth cavity by increasing 
the volume of the latter. The liquid is then forced into our mouth 
by the higher pressure outside (Fig. 41). 

When the lever of a self-filling fountain pen (Fig. 42) is raised', 


iii\ 
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it presses a rubber bag within the pen and forces some aii* out of 
the bag. When the lever is lowered, the bag regains its old 
volume ; but the pressure in it is less than before. Atmospheric 
pressure then forces the ink into the bag. 


47. Height ot Mercury Column Atmospheric Pressure 

can support 

From the examples cited above it would 
appear that Nature abhors vacuum, and, 
with the material readily available, she 
immediately fills any space in which a 
partial vacuum has been created. There 
is, however, a limit to her ability of doing 
so as would be clear from the following 
experiment. 

Take a glass tube about a metre long 
and dip one end of it vertically in a 
large bowl of mercury (Fig. 43). Connect 
the other end of the tube to an air pump 
through a piece of pressure tubing (i.e., 
thick walled rubber tube). As the pump 
sucks air out of the tube, atmospheric pressure, which is pressing 
on the surface of the mercury in the bowl, forces mercury into 




Fig. 42 

the tube. If it is a good pump and you are not doing 
the experiment in a hill station you will find that the 
mercury rises to a height of about 30 inches and no 
more. Water under the same condition will rise to a 
height of about 30 feet. The column of liquid is 
supported by atmospheric pressure. 

Torricelli’s Experiment. Torricelli (1662), an Italian 
scientist and a pupil of Galileo, was the first to 
conclude that it was atmospheric pressure which 
supported a column of mercury in an evacuated tube. 
He completely filled a tube about a metre long with 
mercury and inverted it in a vessel of mercury 



Fig. 43 
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(Fig. 44). The mercury in the tube came down to a height of 
about 76 cm above the mercury in the vessel. It fell no further 
because atmospheric pressure, 
pressing on the free surface of 
mercury in the wider vessel, was 
able to support the weight of the 
column of mercury. The condition 
for the balance is 
Pressure exerted by the atmosphere 
=Hydrostatic pressure exerted by 
the column of liquid. 

In order to test Torricelli’s theory 
that the mercury in the tube was 
supported by atmospheric pressure, 

Pascal had the experiment perform¬ 
ed at a height of about 5000 ft. 
above sea-level. If atmospheric 
pressure at a place is due to the 
weight of the air above the place, 
the pressure should decrease as we 
go higher. The height of mercury 
supported in the tube should there- Fig. 44 

fore be less the higher we go. Pascal found this to be true. 

The space above the mercury column (in Torricelli’s experi¬ 
ment) is a vacuum since air has been ex¬ 
cluded from the tube. It is known as Torri¬ 
cellian vacuum. If the tube is gradually 
inclined, more mercury goes into it, but 
mercury in the tube remains at the same 
vertical height above the mercury outside 
(Fig. 46). If the tube is tilted enough to 
Fig. 45 make the mercury strike the end of the tube, 

it does so with a sharp click, showing that there is no air inside. 

To prove conclusively that the mercury in the tube is supported 
by the pressure of air acting on the surface of mercury in the 
wider vessel, we can perform the following experiment. Com¬ 
pletely fill a glass tube, about a metre long, with mercury and 
invert it over some mercury in a glass jar (Fig. 46). The jar can 
be closed air-tight with a rubber stopper. A bent glass tube 
makes it polsible to connect the air inside the jar with a 
suction air-pump. As the pump works the pressure of air inside 
the jar diminishes and the mercury column falls. On readmitting 
air mercury again rises in the tube. 
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The height to which the mercury rises is independent of the 
diameter of the tube provided it is not very narrow. In very 
narrow tubes another effect, due to what is called surface tension, 
slightly reduces the height. 


48. Measure of Atmospheric Pressure 


t-TOPUMP 


Atmospheric pressure is measured by the height of the mercury 
column it can support. It varies with the height 
of a place above the sea-level. Even at a given 
place it varies slightly according to the 
prevailing weather condition. For convenience 
of reference a standard value for atmosplieric 
pressure has been defined as follows : 

A pressure of one standard atmosphere is the 
hydrostatic pressure exerted by a column of 
mercury 76 cm high at 0°C7,45° latitude and mean 
sea-level.* (Also see the section marked ‘An 
indirect way of stating pressure’ under § 37.) 
A pressure of one atmosphere may be expres- 
Fig. 46 sed in other units as follows : 

I atmospheric pressure =hydrostatic pressure exerted by 
76 cm. of mercury. 

-=76 X 13*6=1034 gm wt. per sq. cm. (§37) 

=1034 x 980=l*013xl0* dynes per sq. cm (§66) 

If we take atmospheric pressure to be equal to 30 inches of 
mercury, which is the value we accept while using the British 
system of units, we shall have 
Pressure of 1 atmosphere = hydrostatic pressure due to 30 
inches of mercury 

_ on 4 .. 13*6 X 62*4 lb. wt. 

111 .* ‘ t £\ '•# 

12x12x12 m.» 


=14*7 lb. wt. per sq. inch. 

Meteorologists usually express atmospheric pressure in millibars. 
As one millibar is equal to a pressure of 1000 dynes per sq.cm., a 
pressure of one atmosphere is equal to 1013 millibars (i.e., 1*013 
bars). 

The hydrostatic pressure due to 30 inches of mercury is equal to 
the pressure of 30x13*6 inches, i.e., about 34 feet of water. 
Atmospheric pressure can therefore support a column of water 
34 ft. high. This is known as the height of the uxUer-barometer. 


* Mean sea-level is defined by an Aot of the British Parliament as the half¬ 
way level between the average high and low tides at Newlyn in Cornwall. 
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49. The Barometer 

A barometer is a device for measuring atmospheric pressure. 

It has already been seen that atmospheric 
pressure can support a column of liquid. So the 
measurement of atmospheric pressure consists 
in measuring the height of a liquid column 
supported by it. The liquid chosen is mercury. 

A. Fortin’s barometer. The most reliable 
barometer is the one devised by Fortin. It acts 
on the principle of Torricelli’s experiment. In 
Fig. 47, C is a mercury cistern, in coramur.ioation 
with the atmosphere, over which a glass 
tube A is inverted. The two 
are enclosed in a metal tube 
B on which a scale S is 
etched. There is also a vernier 
V which can slide in a slot 
made in the metal tube. The 
tube is so slotted as to make 
the highest part of the mercury 
column visible. The zero of 
the scale starts from the ti[) 
of an ivory pointer F which 
projects downwards from the 
ceiling of the cistern. The 
lower part of the instrument 
is shown magnified in Fig. 48. 

The surface of the mercury in the cistern can 
be adjusted by the screw E so tliat the tip of 
the ivory pointer F just touches it. The bottom 
of the cistern is made of leather. 

Experiment S5. To read a Fortin's barometer: 

(i) Find the vernier constant of the scale S. 

(ii) Adjust the mercury surface by the screw 

Fig. 47 ^ that the ivory pointer F just touches it. 

This happens when the image of the tip of the pointer in the 
mercury coincides with the tip of the pointer itself. 

(iii) Keep your eye at the level of the convex top of the mercury 
column. Slide the vernier by the screw K and so set it that its 
lower edge is tangential to the curved mercury surface. 

(iv) Take the reading of the main scale and also of the vernier. 
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Note also the temperature from the thermometer attached to the 
instrument. Repeat several times by resetting the mercury level 
and the vernier. Record as follows ; 

Vernier constant =.cm. 


The atmospheric pressure =_eras, of mercury 

at....‘>C 

Similarly, take the reading of the barometer in 

inches. 

B. The siphon barometer 

It is very simple in construction and is portable, 
but it is not so reliable as Fortin’s. It is (Fig. 
49) a U-tube with one arm about 90 cm. long 
with the upper end closed. The other arm is 
short and open to the atmosphere. The tube 
is set up on a wooden board fitted with a 
scale. The difference of the mercury levels 
in the two arms gives the barometric height, 
which can be read from the scale. Unless 
very carefully constructed a siphon baro¬ 
meter may have traces of air and vapour 
in its Torricellian space. They lower the 
reading. 

C. Aneroid Barometer 

This type does not require any liquid for its 
* 1 ^. Tu working (‘aneroid’ means without liquid) and 
has the great advantage of ruggedness and portability (Pig. 60). 
It consists of a partially evacuated metal box with a flexible 
corrugated top. A box of this type will collapse under pressure 
of air. This is prevented by a stiff steel spring S which pulls the 
top upwards. 

The free end of the spring S is connected to a lever L which 
has its fulcrum at F. The other end of L is connected to a small 
chain 0 wWoh is wrapped round a spindle B carrying a pointer 
P which moves over a dial. The movement of the corrugated top 
due to changes in the atmospheric pressure is magnified by the 
lever Land transmitted to the pointer P. The dial of the aneroid 
is calibrated by comparison with a standard mercury barbmeter. 



JMo. of Main scale Vernier 
readmgs reading reading ® 

j i ; ^ 
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Altimeten. Since the atmospheric pressure diminishes as 
we go up to higher altitudes, the barometer may conveniently 
be used to determine elevation. Altimeters are simply aneroid 
barometers with an altitude scale attached. The outer scale in 



fig. 50 is an altitude scale, each unit representing 1000 ft. 
Altimeters are very handy and sometimes small enough to be 
carried in a pocket. They can be made so sensitive as to indicate 
a change in elevation of 1 ft. 

At seadevel the atmospheric pressure changes approximately 
by 1 mm. of mercury for every 11-metre increase of height or 
O'l inch per 90 ft. of ascent. 

50. Boyle’s Law 

Gases are highly compressible. Consider a mass of gas 
confined in a cylinder by an air-tight piston. If the pressure on 
the gas is increased by pushing the piston inwards, the volume 
of the gas decreases. As the pressure is reduced, the volume 
increases. 

The relation between the pressure (P) and volume (F) of a 
fixed mass of gas wa« discovered by Robert Boyle (1627-1601), 
an English philosopher. It is known as Boyle’s Law may be 
stated as foUqws; 
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Foi a fixed mass of gas at a given temperature, the volume 
varies inversely as Uie pressure, i.e., the product of the pressure 
and volume is constant. 

In symbols, P V ==constant == K. 

If P, and Vi are the initial values of the pressure and 
volume and P3 and V^, the final values we shall have 

P, 

The value of the constant K depends upon (i) the mass of the 
gas, (ii) its temperature and (iii) the units in which P and V are 
expressed. 

Density and pressure. Let D, and be the densities of a gas 

at pressures P, and Py, and Fj and F, 
the volumes of the same mass m of the 
gas at these pressures, the temperature 
remaining constant. Then 
m=F, 

By Boyle's law P, F,=P,F 3 

Dividing the first relation by the 
second, we have 

"p:"p; 

which means that the density of a gas 
is proportional to its pressure, so long as 
the temperature is constant. 

51. Experimental Verification of 
Boyle’s Law 

Two glass tubes A and B are connected 
through a thickwalled rubber tube (Fig. 
51). They are attached to a vertical 
frame and may be raised or lowered’. A 
scale is fixed on the board between 
the tubes. The tube A contains the 
experimental gas and may have its 
upper end closed by a stop cock. 
A scale is also etched on the tube A by 
which the volume of the gas can be 
measured. The tube B is open to the 
atmosphere. A portion of B, the rubber 
Pig. 61 tube and also a portion of A are filled 

with mercury. 

To verify Boyle's law observations should be recorded for 
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pressures (i) equal to atmospheric, (ii) greater than atmospheric 
and (iii) less than atmospheric. If there is a stop cook above 
A, it should be perfectly closed so that the mass of the gas may 
not change during the experiment. 

(i) The tubes A and B are adjusted so that the mercury 
stands at the same level in both. This means that the pressure 
of the gas in A is equal to the atmospheric pressure. Read 
this pressure from a barometer. Let it be h cm. of mercury. 
The volume of the gas in this condition is read off from the 
etched scale. 

(ii) The tube B is now gradually raised. Mercury in R will stand 
at a higher level than that in A. For any position of J51et the 
difference in mercury levels in the two tubes be x cm. The surface 
of the mercury in B is at atmospheric pressure, i.e., h cm. of 
mercury. Therefore, the pressure of the gas in .4 is equal to (A-fa;) 
cm. of mercury. The volume of the gas is read from the gradua¬ 
tions on A. The tube B is set at different heights and the obser¬ 
vations repeated. It will be seen that for every position of the 
product of the pressure, (ft+a;), and its corresponding volume is 
a constant. 

(iii) The tube B is now lowered. The mercury in B will stand at 
a lower level than that in A. Let the difference of the mercury 
levels in the two tubes bo I cm. It is clear that the pressure of the 
gas in A is now {h—l) cm. of mercury. The volume is determined 
in the usual way. Several observations are taken for pressures 
less than atmospheric. Here also for all positions of B, the 
product of the pressure and the corresponding volume is a 
constant. 

It will be seen that the product of the . pressure and its corres¬ 
ponding volume has the same constant value in all the three cases. 

It is assumed that the room temperature has not changed 
during the experiment. 


Exercises 

1. What is meant by ‘atmosphere’ and ‘atmospheric pressure’ 1 
Describe two experiments to show that air exerts pressure. 

2. How would you show that atmospheric pressure can support 
a column of mercury about 30 inches high near sea-level ? 

What proof would you offer to support that the effect is due to 
atmospheric pressure ? 

3. What is atmospheric pressure due to 1 What analogy has 
it with liquid pressure ? 
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What do you understand by the statement that atmospheric 
pressure is 76 cm. of mercury ? 

4. Express a pressure of one atmosphere in terms of the height 
of(i) a water column, (ii) a column of sea water of density 1-06 
gm per c.c. 

6. Draw a simple sketch showing the essential parts of a 
Fortin’s barometer, and label the parts. Describe how the 
barometer works. 

6. Examine the barometer in your laboratory and say what 
will happen to it if you take it to a height of 16,000 ft. where the 
air pressure is about 20 inches of mercury. 

7. State Boyle’s Law. How would you verify it for pressures 
(i) lower than atmospheric, (ii) higher than atmospheric ? 

8. 190 c.c. of an enclosed mass of gas exert a pressure of 

1000 mm. of mercury. If the gas is brought back to the normal 
atmospheric pressure (760 mm. of mercury), what will be its new 
volume? {Ans: 250c.c.) 

9. The volume of an enclosed gas in the closed limb of a Boyle’s 
Law apparatus is 900 o.o. when the mercury column in the open 
limb stands 6 cm. higher than that in the closed limb. Find the 
volume of the enclosed gas when (i) the level in the open limb is 
higher than that in the closed limb by 14 cm., (ii) the level is 
lower by 16 cm. The atmospheric pressure is 76 cm. of mercury. 

{Atis : 810 c.c.; 1216 c.c.) 

10. The volume of an air bubble is 1-5 c.c. at a depth of 230 ft. 

under sea-water (sp. gr. 1-03). Find the volume of the bubble 
when it rises to the surface. The height of the water barometer is 
34 ft. at the place. {Ans : 12 c.c. nearly.) 

11. An open bottle is immersed upside down in sea-water 

(sp. gr. 1’03). To what depth is it to bo immersed so that 1/4 of its 
volume is occupied by water? The atmospheric pressure is 
30 inches of mercury. {Ans : 11 ft.) 

12. The density of air at 0°0 and standard atmospheric pressure 
is *00129 gm per c.c. What will be the density if the pressure 
falls to 74 cm. of mercury ? 

If a globe has a capacity of 15 litres how much air will it lose 
at the lower pressure 1 {Ans: *00126 gm per o.o.; *45 gm.) 
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SIPHON, PUMPS AND MANOMETERS 

52. The Siphon 

A siphon is a simple device for transferring a liquid from one 
vessel to another at a lower level w'ithout tilting the vessel. 
When it is not possible or convenient to lift a vessel of liquid, 
such as a petrol tank, to empty it, we often use a siphon. We 
also use it to draw off the upper layers of a liquid without 
disturbing the hnver layers. 

In its simplest form a siphon (Fig. 52) consists of an inverted 
U-tiibe of unequal limbs, completely filled with liquid. The 
shorter limb dips into the liquid to be transferred ; the longer 
limb leads outside and extends below the level of the liquid to 
be drained. 

The action of the siphon may be understood as follows. Since 
the siphon tube is full of liquid, the liquid 
must flow through the tube if the force 
jjushing on the liquid at one end of the 
tube is greater than that at the other end. 

The upward pressure at A is equal to at¬ 
mospheric pressure minus the downward 
pressure due to the liquid eoluran DA. 

The upward pressure at R is equal to the 
atmospheric pressure minus the downward 
pressure due to the liquid column EB. 

Hence the pressure at A is greater than the 
pressure at B by an amount equal to 
the pressure due to the liquid column 
FB=:EB-DA. 

The siphon will cease to act when the 
liquid is at the same level in the tw'o vessels, for then FB—0 
and the forces acting at the two ends of the siphon are equal and 
opposite. If the liquid is water it will also cease to act if the bend 
C is more than .‘14 ft. above the surface of water in the higher 
vessel, for then the atmospheric pressure will be unable to lift 
the water up to the bend C. A siphon will not work in vacuum, 
for it is the atmospheric pressure which pushes the liquid 
through. 

63. Water Pomps 

Water pumps are devices for raising water from a lower to a 
5 
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higher level. Since liquids possess a natural tendency to flow 
from a higher to a loM'-er level, the lifting is jjossible only { .t the 
expense of energy supplied from outside. 

There are different types of pumps. Each type, however, has 
valves w'hich allow flow of liquid in one direction only. The 
difference between the types lies mainly in the location of these 
valves. It should be clearly understood that by suction alone 
water can never be lifted if the depth of water from the level 
of the pump is greater than the height of the water barometer 
(34 ft). In practice, however, due to leakage and to vapour 
pressure such pumps would not work if the height is greater 
than 30 ft. or so. 



(i) The Common or the Suction Pump 

The construction and the action of the pump will be clear from 
Fig. 53. A piston B, with a valve G at its head, 
fits airtight into the cylinder A. The valve C 
opens upward and so allows flow only in the 
upward directioji through the piston. From the 
bottom of the cylinder a pipe goes down into the 
IA reservoir from which water is to be pumped up. 
At the junction of the pipe and the cylinder there 
is another valve D which also opens upwards. 

Suppose the piston occupies the lowermost 
position at the stmt. During the upstroke, a 
partial vacuum is created in A between the 
I I piston head anUthe valve D. The higher pressure 
from below lifts the valve D and air from inside 
the i)ipe enters the cylinder. As a result a partial 
Fig. 53 vacuum is created in the pipe also. 

Atmospheric pressure now forces some water up the pipe. 
As the pump is gradually w'orked water rises more and more 
into the pipe and ultimately enters the cylinder. In this condition 
each downstroke will cause some water to pass through C and 
collect above the piston head. During the next upstroke this 
water will flow out through the spout, while more water will 
flow from the pipe into the cylinder. This intermittent outflow 
of water at each upstroke will continue so long as the pump is 
worked. 

Priming, The valve C is generally not airtight, particularly 
when the pump has been in use for some time. As a result the 
degree of vacuum within the cylinder is not sufficient to make 
the valve D open. To avoid this difficulty a part of the cylinder 
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above G is filled with water from outside to make the valve C air¬ 
tight. Suction is now effected easily. This operation is called 
‘primii^g’. 

(ii) The liit pump 

A suction pump, as described above, cannot raise water more 
than 30 ft. or so for reasons stated earlier. To lift water to 
greater heights a lift pump may be used. The 
mechanism will bo clear from Fig. 54. nl 
place of the spout a delivery tube F is attached 
to the cylinder. At the junction there is a valve 
E which opens outward, i.e., in the direction 
of flow. The other valves C and D are in the 
same position as in a suction pump. The principle 
of action is as in the suction pump. When the 
cylinder is filled with water, every upstroke forces 
some water into F tlirough E. The water gradually 
rises into F and is delivered at the desired height. 

Note that here also atmospheric pressure forces 
the water from the reservoir into the cylinder 
of the pump. Hence the depth of water in the 
reservoir from the level of the pump should not 
exceed about 30 ft. Extra energy is needed 54 

at each upstroke to push the water into the pipe F against 
the hydrostatic pressure of the liquid column in F. 



(iii) The force pump 

, The force pump (Fig. 55) can also raise water 

* to heights greater than 30 ft. But hero the 
piston is a solid rod and the 
delivery pipe II is connected ^ 

^ at the bottom of the cylinder 
through a valve G which opens 
B only in the direction of flo w. ^ 

S . The valve D remains unaltered . pi 

: position. Its action is also ^ = B 

, the same as in the suction 
1=1 pump. During the upstroke 
^ tlie valve D opens to let in '. £:Dvj 

I = f . water into the cylinder, the 
= valve G remaining closed. « 

It is the downstroke which I I 

Fig. 56 forces water into H through 0. —^ 

It is subject to the same limitations as the = 

force and the suction pumps. Fig, 59 
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The, continuGits action force pump. By adding an air-chamber 
(J, Fig. 56) to the force pump, the outflow of water may be 
made continuous. The action of the pump keeps the air in J 
compressed. The compressed air forces the water up the 

delivery tube K and maintains a conti¬ 
nuous outflow. 




□ 



54. Bicycle Pump 

The bicycle pump 
is a compressiwi 
^ pump, the action of 
Avliich may be 
understood from 
figures 57 and 58. 
The. cuj) shaped 
leather washer 
attachetl to tlie 
piston liead acts as 
a valve. At the 
upstroke air passes 
between the washer 



•'>7 and the wall of the ‘g- 

cylinder. At the downstroke the air is compressed. The 
compressed air presses the .si<le8 of tlie AA'asher against tlie wall 
and prevents leakage. When air in the cjdindor is sufficiently 
compressed, it forces open the valve, in the tube (Fig. 58). This 
valve consists of a narrow metal tube with a small hole in 
the side covered with a thin rubber tube. The arrangement 

alloAvs flow of air only in one direction. 

Abicycle pump with a reversed washer 
and valve will act as a suction pump. 

B 55. Pressure Gauges 

^ While the barometer is used for measuring 
the iircssiire of the atmosphere, pressure 
gauges (or manometers) are used for measur¬ 
ing the pressure of confined gaseS. We shall 
consider (i) the open-tube manometer, (ii) the 
closed-tube manometer £),nd (iii) the Bourdon 
gauge for measuring pressure. 

(i) Open-tube manometer. When the pressure 
does not far exceed atmospheric pressure, 
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as the pressure of a domestic gas supply, the open-tube manometer 
(Fig. 59) may be used with profit. It consists of a U-tube open 
at both ends and contains a liquid which may be oil or (coloured) 
water when the difference of pressure with the atmosphere 
is rather small. For larger differences mercury is used. The way 
it may be connected to a gas tap to read the pressure of domestic 
gas 8Ui)ply is obvious from fig. 59. The scale 
attached to the manometer reads the pressure 
difference with the atmosphere*, and may 
be expressed as so many inches of water or 
mercury above or below the atmosphere. 

(ii) Closed-tube manometer. Tf the pressure 

of the gas is much less than atmospheric [)res- 
sure, a closed U-tube manometer may be u.sed 
to raeasuie the pressure. One limb oftheU-tube 
is closed (Fig. 60). Mercury completely fills the 
closed limb. The open limb is connected with 60 

the vessel which contains the gas. ff (7is the difference in 
level of the liquid in the two limbs, the gas pressure is equal 
to the hydrostatic pressure of this liquid column. For very small 
pressures an oil may be used for mercury. 

(iii) Bourdon Gauge. A more «‘onvenient tyj>e of pressure 
gauge is the Bourdon gaugij. It can be adapted to measure 
pressures above or below atmospheric pressure, and is suitable 





Fig. 61 Fig. 62 

for many purposes such as measuring the steam pressure inside 
the boiler of a steam engine or the pressure of compressed air in 
a cylinder. 

The Bourdon gauge consists of a bronze tube of elliptical cross 
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Section, bent into a nearly complete ring and closed at one end 
(Fig. 61). The open end of the tube is connected with the 
chamber in which the gas pressure is to be measured. The 
closed end is coimected by levers and a curved rack and pinion 
to a pointer which moves over a graduated scale. As the pressure 
in the flat tube increases, it tends to straighten out. This makes 
the pointer move over the scale. The scale is generally graduated 
in pounds per square inch, and reads zero when the pressure 
is one atmosphere. A pressure of 10 lb. hy the gauge is, there¬ 
fore, a pressure of 10 lb. per sq. in. above one atmosphere. 

In Bourdon gauges meant for measuring pressures less than 
one atmosphere, the scale is marked from 0 to 30 (Fig. 62). The 
graduations are in inches of mercury. A reading of 30 would 
mean a nearly perfect vacuum. A reading of 10 would mean that 
10/30 of the air has been removed. 

Exercises 

1. Explain how the siphon acts. Under what conditions will 
it fail to act ? 

2. How does a common pump, as may be fitted to a tube well, 
work ? Can the pump draw water from any depth ? Explain 
your answer. 

What is priming ? Why is it necessary ? 

3. A tube well at ground level may draw underground water 
from a depth of 200 ft. A manually operated pump may raise 
the water to a height of 40 ft. above the ground. 

How can the above be reconciled with the fact that atmospheric 
pressure cannot support a column of water taller than 34 ft. ? 

4. How would you arrange for a continuous delivery of water 
from a water-pump ? 

5. Explain how a bicycle pump acts as an air compressor. 
What part is played by the cup shaped leather washer ? 

6. How would you measure the pressure of the gas supply in 
your laboratory ? How would you express the result of your 

observation 1 

• 

7. Draw a diagram of a Bourdon gauge and say how it acts. 

What are the actual pressures when the gauge readings are 

(i) 5 atmospheres, (ii) 20 inches of vacuum 1 
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56. Elementary Ideas 

Mechanics. The science of mechanics is tlie most fundamental 
of all tlie branches of physics. It deals with such ideas as motion, 
force and energy, and their relations to ejich other. A knowledge 
of mechanics is essential for the proper understanding of physical 
phenomena. 

Mechanics has two broad divisions, viz,, dynamics and statics. 
Dynamics deals with bodies in motion, and statics, with bodies 
at rest. 

The Material Particle. In mechanics the term ‘material particle’ 
or, simply, ‘particle’ means a body of negligible size. It is repre- 
sentefl by a point. We hav'c to consider its position and mass 
only. 

Rest and Motion. When we say that a body is at rest we ordi¬ 
narily mean that it is at rest with respect to the surface of the 
earth. A body in motioTi means a body which is moving relative 
to the surface of the earth. 

Displacement. A body is said to be displaced when its position 
(jhanges relative to its surroundings. Let a 
body, here represented by a point, whicli Q 
was initially at 0 (Fig. 63), move to A. 

Whatever path the body follows in moving 
fromO to A, its displacement is measured by 
the length and direction of OA. At some 
later time the body may move to B. Then 
it will be said to have a further displace¬ 
ment AB. The total displacement from the initial position will 
be OB. 

Displacement always conveys the idea of direction as well as 
of magnitude. 

57. Speed and Velocity 

Speed. Speed of a body is the distance it moves in unit time. 
If it covers a distance 5 in time t its speed is sjt. 

If, while moving, a body covers equal distances in equal times, 
its speed is said to be uniform. If it does not do so, the speed is 
non-uniform or variable. When speed is variable, sjt represents 
the average speed over the distance s or the time t. 
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Units. Speed is expressed in units of length per unit of time, 
such as cm. per sec., km. per hour, ft. per sec., miles per hour 
(or m.p.h. for brevity) etc. Tl\e knot is a nautical unit of speed 
and implies a speed of one sea-mile (i.e., 6020 ft.) per hour. It 
is correct to say ‘a speed of 20 knots’. 

Velocity. When a body moves in a definite direction, the speed 
of the body in that ilircction is called its velocity. Remember 
that velocity always implies speed in a fixed direction. While speed 
has magnitude only, velocity has both magnitude and direction. 

Like speed, velocity may be uniform or variable and is ex¬ 
pressed in the same units as speed, but with the direction 
mentioned, such as ‘a velocity of 60 m.p.h. duo north’. Velocity 
will change wrhen the speed changes, or the direction, or both. 
Velocity may also be defined as displacement per unit time. 

Time-Velocity Graph. The velocities of a moving body at 
successive moments may be plotted graphically against the time 
and the points connected together by a smooth curve. Kuch a 
line is called a time-velocity graph. Let the velocities at different 
times be as ff)llows : 

Time in seconds. 0 1 2 3 4 6 

Velocity in ft. per sec. 2 2 4 3 3-5 3 8 4 

Plot the time along the 
a;-axis and the velocity along 
the y-axis. Join the points so 
plotted by a smooth line 
(Fig. 64). This line is the 
time-velocity graph. 

If the velocity is uniform, 
the graph will be a straight 
line parallel to the jr-axis. The 
distance traversed between any 
two moments will be given 
Fig. 64 by the area bounded by the 

ordinates for the initial and final moments, the graph and the 
x-axis. This statement holds even when the velocity changes 
with time. 

«• 

58. Acceleration 

When a train leaves a station it gradually gains in speed. 
Starting from rest it moves faster and faster till it acquires a 
practically constant speed. At the initial stages, when it is 
gaining in speed, it is said to be accelerated. When brakes are 
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applied to bring it to a stop, it gradually loses speed and finally 
stops. It is then said to be retarded or decelerated. In both 
oases the speed changes with time. 

A velocity will change if the speed changes. Rate of change of 
velocity is called acceleration. An acceleration is constant or 
uniform when the velocity changes by equal amounts in equal 
intervals of time, however small those intervals of time may be. 

The following table illustrates a case of uniform acceleration. 
Time in sec. 0 1 2 3 4 5 6 

Velocity in ft. per sec. 2 2-5 3 3’5 4 4 5 5 

The velocity changes by 0'5 ft. per sec. in every second. 
This is expressed by saying that the acceleration is 0-5 ft. per 
second 'per second or 0-5 ft, per see*. In all expressions of accelera¬ 
tion the term ‘per sec.’ occurs twice. This is due to the fact that 
the unit of time is involved twice in such expressions.—once, in 
the velocity, and then again in the rate of change of velocity. 

The time-velocity graph of the values in the above table is 
shown in fig. 65. It is the 
straight line AB. When the 
acceleration is constant, the 
time-velocity graph will be 
a straight line. 

Deceleration or retarda¬ 
tion is acceleration with a 
negative value. Here the 
velocity diminishes with time. 

If the initial velocity is 8 ft. 
per sec., and after 2 sec. it 
comes down to 2 ft. per sec., 
the deceleration is (8 ft. per 
sec. — 2 ft. per see.)/2 sec., 
acceleration is — 3ft. per sec. per sec. 

59. Algebraic Foimolae for Uniformly Accelerated Motion 

Let u = initial velocity of a body, 
u = its final velocity, 

t = the time in which this change occurs, and 
f — the acceleration, 

all quantities being expressed in the same system of units. 

Since / is the increase in velocity per second, the velocity after 
one second is M-f/; after two seconds, w-|-2/ etc. Hence at the 
end of the time t seconds, the velocity will increase by ft. The 
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of a body or its direction of motion, or briefly, a force can impart 
acceleration to a body. 

A useful concept in the relation between force and motion is 
momeiltlim. It is measured by the product of the mass of a body 
and its velocity. Consider a cricket ball thrown softly ; it will be 
easy to stop it. But wlwm liit hard, it is much more difficult to 
stop. In the latter case it has a larger momentum. 

Think of a lieavy iron roller lying on the ground or a four- 
wheeled carriage standing on a pavement. Because of its large 
mass you find it difficult to move. A continued push applied 
for some time gives it a certain velocity. A harder push over a 
shorter period will give rise to the same velocity. So, to give the 
body a momentum you had to apply a force on it for a certain 
period. To bring the moving roller or the carriage to rest, i.e., to 
destroy the momentum the body possesses, you must oppose 
the motion with a force and continue to exert the force for some 
time until the body slops. Production or destruction of a larger 
momentum requires application of a larger force for the same 
time or of the same force for a longer time. 

62. Other Effects of Force 

What does a force do besides producing a change in the motion 
of a body ? It can overcome other forces. The cases of friction 
and gravity are within the compass of one’s constant experience. 
A body will not move unless we apply enough force to overcome 
the friction which opposes its motion. Even when moving, a body 
experiences a frictional opposition to motion. A part of the force 
applied to keej) the body in motion goes to overcome this frictional 
opposition. To lift a body we must apply enough force to over¬ 
come gravity. 

Forces may act on a body without producing motion. Such 
forces deform the body. When we squeeze a ball or apply a pull 
to a spring, we do not set it in motion, but deform it. In all cases 
where a body does not move though forces act on it, the body is 
deformed by the forces. The extent of the deformation depends 
on the magnitude of the forces and the nature of the body. The 
study of elastic properties of materials concerns itself with these 
effects (see §79). 


63. Newton^s Laws of Motion 

The exact relation between force and motion was set forth by 
Newton in the form of three laws known as Newton’s laws of 
motion. These laws form the basis of mechanics and it is impossible 
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to estimate how difficult the subject might have been without 
them. A formal proof of the laws is not possible, but the results 
obtained by applying these laws in various fields, are found to 
be in agreement with facts. The law's may be stated as follows : 

Law 1. Every body continues in its state of rest or of uniform 
motion in a straight line unless impelled by an external forc£. to 
change that state. 

Law n. The change of momentum per unit time is proportional 
to the impressed force, and takes place in the direction in which 
the force acts. 

Law III. To every action there is an equal and opposite reaction. 

64. Discussion of the First Law—Inertia 

It is common experience that a body at rest continues to be so 
unless an external agencv makes it move. Bui w'c do not find a 
body in motion to continue to move uniformly in a straight line. 
It actually comes to rest sooner or later. The reason for the 
stoppage is that there is a force, the force of friction, opposing 
its motion. Wo can well imagine tliat if opposing forces were 
fully removed, a body would continue to move in a straight 
line with uniform ve]«)city. For it is our experience that while 
a ball rolls a short distance on a rough floor, it traverses longer 
distances the smoother the floor. 

The tendency of a material body to continue in its state of 
rest or of uniform motion in a straight line is a fundamental 
property of matter and is called inertia. Due to inertia matter 
resists any attempt to start it if at rest, to stop it if in motion, or 
in any way to change either the direction or the speed of motion. 
It is due to inertia that a body on a moving train tends to move 
towards the forw'ard end Avhen the train stops, and towards the 
rear end when the train starts. In both cases the body tends to 
continue in its previous state whether that was one of rest or of 
motion. Otlier examples of inertia of motion are the particles of 
mud which fly off tangentially from the wheel of a moving auto¬ 
mobile, or the sparks that fly off in straight linos from a grinding 
wheel when a metal is pressed on to it. A ball thrown upw'ards 
in a moving train moves with the train because of its inertia of 
motion. 

Definition of Force. The first law also defines force. It implies 
that an unbalanced force must be impressed on the body from 
outside to bring about a change in its state of rest or of motion. 

If there are opposing forces, a motion may not be produced by 
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a force. For example, we may push a heavy piece of furniture 
without moving it. Here forces of friction prevent motion. If 
these were absent, the external impressed force would have 
moved the piece of furniture. The push might have failed to 
produce motion, but undoubtedly it tended to do so. 

We may, therefore, define force by saying that: 

Force is the agency which changes or tends to change the stcUe of 
rest or of motion of a body. 

65. The Second Law—the Fundamental Kinetic Sanation 

While the first law defines force, the second law provides a 
means of measuring it. 

Let u — initial velocity of a body, 

V ~ its final velocity, 
t = the time in wliich this change occurs, 
m — its mass, and 
/ = its acceleration. 

The change of momentum in time t mv~mu. 

the rate of change of momentum = =mf. 

= mass X acceleration. 

According to the second law the change of momentum, and 
hence the acceleration, will take place in the direction in which 
the force acts. 

If P is the applied force, we have, from the second law 

P a mf 

or P —kmf (65*1) 

where k is the factor of proportionality and is a constant. The 
value of this constant depends on our choice of units of P, m and 
/. If we agree that the force which produces unit acceleration on 
unit mass will be called the unit of force, then in Eq. 65’1, P=l, 
?n= 1 and/= 1. This makes fc— 1. On this basis we write 

P=mf (65-2) 

or Force ^Massx Acceleration 

This is the fundamenial kinetic equation and gives us a means 
of measuring force, as also mass. For according to Eq. 65-2 mass 
of a body may be defined as the ratio of the force to the accelera¬ 
tion it imparts to the body. The mass, so defined, is a measure 
of the inertia of the body. 

Impulse of a force. The product of a force (P) and the time {t) 
for which it acts on a body is known as the impulse of the force. 
An impulse brings about a change of momentum. For 
PX.t= mxfxt — m (v—u) 


(66-3) 
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66. Units of Force 

Absolute units. A unit of force defined according to the 
equation P=mf is called an absolute unit. In the c.g.s. system the 
absolute unit of force is the dyne. The dyne is that force which, 
acting on a mass of 1 gm, gives it an acceleration of 1 cmjsec^. 

1 dyne= Igm x 1 

SCO* sec* 

1^ Dyne can be replaced by its equivalent j 

In the British system the absolute unit of force is called the 
poundal. 7'^epoundal is that force which, acting on amass ofl lb., 
gives it an acceleration of 1 ftjsec^. 

[ Poundal can be replaced by its equivalent j 

Relation between the poundal and the dyne, 

1 Poundal = 1 lb. X 1 ft/sec.a 

=453-6 gm X 30-48 cm/sec.* 

=453-6 X 30-48 gm. cra/sec.* 

=1-382 X 10* djmes. 

Gravitational Units of Force. Much earlier in the text we have 
used such terms as ‘a pound of force or a pound-weight* and 
‘a gram of force or a gram-weight*. These arc gravitational 
units of force and represent the attraction of the earth on a unit 
mass, i.c., the weight of a pound or a gram. As the weight of a 
body varies slightly at different places it is necessary for the 
sake of accuracy to specify where this weight is measured. 

A pound of force ( or a pound-weight) is the w-eight of a pound 
of mass at 46® latitude and sea-level. 

A gram of force (or a gram-weight) is the w-eight of a gram of 
mass at 45° latitude and sea-level. 

For most practical purposes the slight variations in weight due 
to differences in location can be neglected. 

Since a pound of force makes a pound of mass move with an 
acceleration gr (=32 ft/sec*), we have 
1 lb. wt. -i-jl lb. X g ft/sec.* 

= g. lb. ft/aec.* 

=g poundals (=32 poundals). 

Similarly, 1 gm. wt, =980 dynes. 

67. Third law—Action and Reaction 

The terms action and reaction are simply other names for 
force. If a body A applies a force on another body B, which we 
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call the action, then, according to the third law, the body B will 
apply an equal and opposite force on A, which is called the 
reaction. The law thus states that in nature forces always occur 
in pairs, find that each force of the pair acts on a different body. 
Whether tlie bodies are at rest or in motion, touch each other 
or are separated by a distance (as in the case of two magnets), the 
law is of universal application. 

Consider a book lying on a table. The weight of the book exerts 
a downward force on the table. According to tlie third law, the 
table will exert an equal and opposite force on the book. If the 
former force is called the action, the latter force is the reaction. 
4jote that reaction lasts only so long as the action is there. Besides, 
action and reaction act on two different bodies, and cannot, there¬ 
fore, produce equilihrium^YoT equilibrium the forces on one and 
the same body must be balanced. 

Examples, (i) When a ladder leans against a wall it presses 
upon the wall. This pressure, here called the action, tends to 
overturn the wall. The counter-thrust exerted by the wall on the 
ladder is the reaction. It keeps the ladder in position. 

' (i i) Consider a rope tied to a tree and a man pulling at the other 
end of the rope. The force exerted by the man on the rope is the 
action. The reaction is the equal and opposite force exerted by 
the rope on the man. 

The force exerted by the man on the rope is transmitted through 
the rope to the tree. The rope thus exvsrts an action on the tree. 
The tree exerts an equal and opposite reaction on the rope. The 
rope is in equilibrium under the action of the pulls exerted on 
it by the man and the tree. 

[In this example the rope transmits two forces through it—one 
exerted by the man which acts through the rope on the tree, and 
the other, the reaction to this force which is exerted by the tree 
on the man. The rope is stretched and is said to be in ‘a state of 
tension’. Either force transmitted through the rope is called a 
tension. This would show that when two men pull at two ends 
of a string, each with a force of 100 lb., the tension in the string 
is still 100 lb.] 

68. Vector and Scalar^Qoantities 

In the course of our studies we have come across several quanti¬ 
ties which, besides magnitude, have also a direction associated 
with them. The term vector is applied to quantities which have both 
direction and magnitude. Displacement, velocity, acceleration, 
momentum and force are examples of vector quantities. The term 
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scalar refers to quantities which have-magnitude only. Mass, 
volume, density, speed etc. are examples. 

Any vector quantity may be represented by a straight line 
drawn in the appropriate direction with an 
arrow head to indicate the sense and having 
a length which represents, to some convenient 
scale, the numerical value of the quantity. 

A velocity of 30 mi/hr duo north and another 
of 40 mi/hr due east may be represented by 
two straight lines drawn at right angles and 
having lengths in the ratio 3:4 (Fig. 67). Fig. 67 

In the case of a force, in addition to its magnitude and direction, 
we have to consider the point at which it is applied. The point of 
application of a force may he represented hy the point frbm which 
the straight line is draton. 



Addition of Vectors. Scalar quantities are added algebraically; 
but not so the vectors. Vectors may be added geometrically as 



Fig. 68 


shown in Fig. 68 . Let OA and 
OB be the vectors to be added. 
Complete the parallelogram 
OAGB. Then 00, the diagonal, 
will represent in magnitude and 
direction the vector sum of OA 
and OB. 


Exercises 

1 . Distinguish between speed and velocity. 

Draw a time-velocity graph from the following data and find 
the distance traversed : 

Time in seconds 0 1 2 3 4 5 6 

Velocity in ft/sec. 20 18 15 11 6 2 0 

2. Define acceleration. Give two common examples each of 
acceleration and deceleration. Why does 'time* occur twice in 
an expression of acceleration ? 

Express an acceleration of 1 cm per sec. per sec. in metres per 
min. per min. {Ar^s: 36) 

rrr* ^ -1 i Om m 

\H%nt : 1 cm. per sec, per 8 ec=l- - = x —r-y 

'■ ^ ^ sec“ min“ 



6 
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3. (a) Deduce the formula s~ ut + ^ft^ graphically. 

(b) Derive the equation u®— u’‘—2fs. 

In both cases clearly state the meanings of the symbols used. 

4. What do you understand by the statement that the accelera¬ 
tion due to gravity is 32 ft. per sec. per sec.? 

5. It is stated that all bodies fall to the earth with the same 
acceleration. But when a piece of paper and a piece of stone are 
simultaneously dropped, the latter reaches the earth first. What 
is the reason ? 

How would you show that the statement in the first sentence is 
true ? What is a ‘free fall’ under gravity ? 

6. A body is projected vertically upwards. What will be its 
equations of motion ? 

7. What will be the equations of motion of a body falling freely 
under gravity ? 

8. What principal effects do forces produce ? Give an example 
of each kind. 

9. State Newton’s laws of motion, and comment briefly on 
each. 

{N.B .—Carefully select the material you w'ould include in the 
comments. The answer should be written in about 20 minutes). 

10. Discuss how the concepts of inertia 'And force are contained 
in Newton’s first law of motion. 

11. Deduce the relation P=mf from Newton’s second law of 
motion. 

Define the dyne and the poundal. Express the latter in terms 
of the former. 

12. What is a pound of force ? A gram of force ? How is each 
related to the corresponding absolute unit of force ? 

13. Two boys pull at the ends of a string, each with a force of 
60 lb. Apply Neudon’s third law of motion to the case and say 
what is the tension in the string. 

14. What is a vector ? Name the vector quantities known to 
you. 

How can a force be represented graphically in all its aspects 
by a straight line ? How can two forces acting at the same point 
be added ? 

16. A body moviep with a constant acceleration of 6 cm. per 
sec. per sec. If it had an initial velocity of 100 cm/sec, what will 
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be its velocity after 20 seconds ? How far will the body move in 
that time ? 

{Hint : Use formulae v=u+ ft and s=ut + ^ft^) 

(Ans : 200 cm/sec. ; 3000 cm.) 

16. A oar moving with a velocity of 30 mi/hr is decelerated by 
4 ft/seo in every second. How long will it take to come to a stop 
and how far will it move in that time ? 

If you want the car to stop in (i) one-fourth the distance, (ii) 
one-fourth the time, what should be the deceleration in each case ? 

{Hint : u—ft—v~0 ; s— ut-\ft^) 

{Ans ; 11 sec ; 242 ft; 16 ft/sec^ ; 16 ft/sec*.) 

17. A body falls freely from rest under gravity. Find how far 
it falls (i) in three seconds, (ii) in the third second. 

(Take g— 980 cm/sec®). {Ans : 4410 cm ; 2450 cm.) 

18. A body is projected vertioially upwards witii a velocity of 
80 ft. per second. Find how long it will rise. Wliat maximum 
height will it reach ? Wliat will bo its velocity when it is half- 
way up ? (< 7—32 ft./sec.=) 

{Hint : v—u — gt~0 at the top. s=^\d—lgt ^; v'^—u^—-—tgs). 

{Ans : 2.5 sec. ; 100 ft; 40y'2 ft per sec.) 

19. With what initial velocity must a body be projected verti¬ 
cally upwards so as just to reach a height of 144 ft. ? When will 
it be 80 ft. above the ground ? Explain the two values of the time. 
(g=32 ft./sec.®) 

(Aas : 96 ft. per sec. ; 1 sec. and 5 sec. ; going up, going down.) 

20. A force of 20 dynes acts on a body of mass 5 gm. What is 
the acceleration produced ? If the body was initially at rest and 
the force acted on it foi 5 seconds, how far will the body move in 
this time '{{Hint : Use formula} P=^mf and «—.}/<®.) 

{Ans : 4 cm/sec.®; 50 cm.) 

21. The speed of a locomotive weighing 300 tons changes from 

10 mi/hr to 40 rai/hr in 14 seconds. Find the force exerted in 
poundals. (u4ws : 2.112x10®). 

22. A cricket ball weighing 5| oz. and moving at 60 ft/sec. is 
caught by a fieldsman who draws back his hands so as to bring 
the ball to rest in 1 sec. What is the average force the ball exerts 
on his hands ? [Hirii : Pt— m (v—w).] {Ans : 82.5 poundals.) 

23. A motor-car travelling at 30 mi/hr approaches a trafl&c 
signal 440 yards away and has to atop there. If the car weighs 
15 cwt. and is uniformly decelerated to a stop, find (i) the 
deceleration, (ii) the time which elapses before it comes to rest, 
and (iii) the braking force applied. 

[Ans : 0.73 ft./sec.* ; 60 sec.; 1232 poundals.) 



CHAPTER 8 

WORK, POWER AND ENERGY 

69. Work 

In our everyday language the term ‘work’ means some kind of 
labour, physical or mental, producing a result. In the language 
of mechanics, or of science in general, the term is used in a special 
sense. Work is said to he done when the point of application of a 
force moves in the direction of the force. 

Work, so defined, involves two quantities, viz., (i) a force and 
(ii) a distance in the direction of the force. When a man pushes 
a cart or lifts a load from the floor, he not only exerts a force, 
but exerts it through a distance in the direction of the force. 
Under these conditions the man is said to do work. When, how¬ 
ever, he supports a bucketful of water in his hand without moving 
it, he exerts a force but does not exert it through any distance in 
the direction of the force. Whatever muscular fatigue he may 
experience in the act of holding the bucket, he does no work in the 
technical sense of the term. 

The amount of work (W) done is measured by the product of the 
force (P) and the distance (s) through which the point of applica¬ 
tion of the force moves in the direction of the force. In symbols, 

Tr=P5 

or Work=ForcaxDistaiice 

It may so happen that the displacement of a body is not in 
the direction of the force under consideration. For example, 
when a body moves down an inclined plane under gravity, the 
force of gravity and the motion it produces are not in the same 
direction. In such a case work is measured by 

W —Ps cos 6 

where 0 is the angle between P and s. It may be noted that 
P cos 0 is the effective part (component) of the force in the 
direction of s. Hence in suijh cases, 

Work=Effective force x Distance. 

Work done by, on or against. When a body A exerts a force P 
on another body B making it move through a distance in the 
direction of P, we say 

(i) A (the agent which applies the force) does work on B. 

(ii) Work is done hy A or the force P on B. 

When an agent moves a body against an opposing force, work 
is said to be done against the opposing force. Thus when a man 
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lifts a load from the floor, he does work on the load against 
gravity. When a body falls under gravity, work is done by gravity. 

Units of Work. The unit of work involves the units of force and 
distance. Force may be expressed in absolute or gravitational 
units (§ 66 ). Besides, there are the metric and the British systems. 
All these lead to a multitude of units of work. The more important 
of these units are listed below'. 


Nature of j 

Unit of 

Unit of 

1 Corresponding 

unit ! 

1 

force 

distance 

i unit of work 

COS absolute j 

dyne 

cm. 

1 dyne x 1 cm 

= 1 erg 

,, gravitational 1 

gm. w't. 

cm. 

1 gm. W't. X 1 cm 
=1 gram-ceutimetre 

1 (gra.can) 

FPS absolute 

! 

poundal 

ft. 

1 poundal x 1 ft. 

—1 ft-poundal 

,, gravitational 

lb. w't. 

ft. 

J Ib.wtxlft. 

=1 foot-pound (ft. lb.) 


A definition in words may be easily provided for each unit of 
w'ork. Illustrating with the erg, w'c may say that the erg is the 
work done when the point of application of a force of one dyne 
moves through a distance of one centimetre in the direction of the 
force. 

For other units appropriate words may be substituted in the 
above statement. 

The Joule : The erg is a very small unit. The Indian Naya Paisa 
weighs 1‘5 gm. Its w'^eight is, therefore, 1-5x980=1470 dynes. 
When lifted through a distance of one metre the work done 
= 1470 dynes x 100 cm= 1,47,000 ergs. 

The Joule is the practical unit of work in the c.g.s. system, 
and is equal to 10 ^ ergs. 

1 Joule—10’ ergs. 

It is not difficult to understand the meanings of such terms as 
‘a kilogram-metre* or ‘a tun-foot*. The former is the w'ork done 
when a weight of one. kilogram is lifted through one metre aga inst 
gravity. 

To express the foot-pound in joules. 

1 ft. lb. =l lb. wt. xl ft. =32-2 poundalsxl ft. 

=32-2 Ib.-^^- X1 ft. 
see.* 

=32-2 X453-6x30-48 ^?^-"^x30-48 cm. 

sec.* 

= 1-356X 10’ dynes X cm.=1-356 joules. 
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70. Power 


When work is done, its amount is not the only item of importance. 
The time in whicli the work is done is also of great importance. 
Suppose a 100 gallon tank is to be filled by drawing water from 
a well, 50 ft deep. 100 gallons of water weigh 1000 lb. Hence the 
work to be done in drawing it from the well will be 1000 X 50= 
50,000 ft. lb. If the w'ork is done by manual labour a stronger 
man will be able to do it more quickly than a weaker one. The 
former would then have done more work per unit time than the 
latter. If a motor-driven pump were employed, a more powerful 
motor would complete the job in a shorter time tlian a less 
powerful motor. The former does more .work per unit time than 
the latter. 

The time rate of doing w'ork is called power, i.e., power is the 
work done per unit time. 


Power= 


Work 

Time 


Force x Distan ce 
~ ^Thne 
= Force x Velocity. 


When a person does work his sense of fatigue is determined 
more by the rate at wdiich he does the work than by tlie total 
work done. Suppose a boy weighing 120 lb. ascends a flight of 
steps which carries him 15 ft. above the ground. The w'ork he 
does against gravity is 15 X120—1800 ft. lb. When he completes 
the ascent in 20 seconds he feels little fatigue. But if he tries to do 
it in 4 seconds, ho will feel much more fatigued. In the latter case 
his rate of doing work, i.e., power, is 5 times greater than that in 
the former case. 

Two raihvay trains of the same weight move at 30 m.p.h. and 50 
m.p.h. respectively. If the friction of the rails and the resistance 
due to air are the same for both, the latter does more work than 
the former, because it moves a greater distance in the same time. 
So its rate of doing work, or power, is greater than that of the 
former. 

The power delivered by a machine may bo constant, or it may 
fluctuate. In the latter case we shall be concerned with the 
average power. 


Units of Power—^Watt; Horse-power. Any of the units of work 
combined with a suitable unit of time will provide a unit of power. 
Two practical units of power are, however, of great importance. 
They are (i) the watt and (ii) the horse-power. 
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When one joule of work is done per second, the power is one 
watt. A power of thousand watts is a kilowcUt (kw.). In other 
words, when 1000 joules of work are done per second, the power 
is one kilowatt. Electric machines are rated in watts and 
kilowatts. 

The practical unit of power used in engineering j)ractice is the 
horse-power (h.p.). Wlien work is done at th(< rate of 550 foot¬ 
pounds per second (or 33,000 ft. lb. per minute), the power is 
called one horse-power. 

To express the horse-poioer in watts. 

1 Horse-power =550 foot-pounds/sec. 

=550x1'356 joulcs/sec. (vide § 69) 

=746 watts, 

A h.p. is thus approximately J kw. 

The kilowatt and the liorso-power have given rise to two more 
units of work —^the kilowatt-hour and the horse-power-houi. 
The kilowatt-Jjour is the work done when power is iised at the 
rate of one kilowatt over a period of one hour. This is the unit 
on which the cost of electricity is based. 

Similarly, the horse-power-hour is the work <lone wht'n power 
is used at the rate of one horse-power over a period of one hour. 

71. Energy 

When a body can do work, we say it possesses energy. Energy 
of a body is defined as its capacity for doing work. It is meastired 
by the amount of work the body can do. Energy and work are 
essentially the same kind of quantity, and are measured in the 
same units. 

A man or a horse can do work ; so he possesses energy. Steam 
can push the piston within the cylinder of a steam engine ; so it 
possesses energy. A moving body possesses energy since it can 
make other bodies move when it collides with them, An elevated 
body possesses energy since, wliile falling, it can pull other bodies 
up. If such a body pulled a mass of 1 kg. through a height of 1 m. 
before reaching the ground, we may say its energy was 1 kilogram- 
metre or 10* ergs, or that the body lost 10^ ergs of energy in 
pulling the weight up. 

Different lorms of energy. There are many forms of energy. 
An electrically charged body attracts other bodies, and can make 
them move. It possesses what we call electrical energy. Magnets 
possess magnetic energy. Heat of steam makes locomotives move. 
Heat is a form of energy. Radio waves, light and Z-rays are 
also forms of energy. An important form of energy is chemical 
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energy, as is possessed by coal. Wlien coal burns it combines with 
oxygen releasing chemical energy in the form of heat. 

In recent times man has harnessed a vast source of energy. 
It is derived from the conversion of matter into energy under the 
action of nuclear forces in the atom, and is called atomic energy. 
The atom bomb, the hydrogen bomb and the atomic pile are 
devices for the release of atomic energy. 

In mechanics, we are however interested in what we call 
mechanical energy. A body may possess mechanical energy due 
to either one or both of two causes, viz., (i) by virtue of its motion, 
and (ii) by virtue of its position or configuration. The former is 
called kinetic energy and the latter, potential energy. 

Kinetic energy of a body is defined as the energy it possesses 
by virtue of its motion. It is measured by the amount of work a 
moving body can do against an opposing force before it comes to 
rest. A moving hammer possesses kinetic energy, which enables 
it to do work in driving a nail into a wall against the resistance. 

To obtain an expression for the kinetic energy of a body of 
mass m moving with velocity v, let us impress on the body a 
force P which opposes the motion and finally brings the body to 
rest. The acceleration (or rather the deceleration) produced by 
the force is —f— — Pjm. If the body moves through a distance 
s before it comes to rest, then from the relation-that 
(final velocity)®—(initial velocity)® 

=2 X acceleration X distance (Eq. 69'3) 
we have 0®—v®=—2/s 

P 

or v® == 2—s 
m 

or Ps = .imu® 

Now, Ps is the work done by the moving body against the 
opposing force before coming to rest. Hence this is also the magni¬ 
tude of its kinetic energy. Since Ps=|»»w®, the latter expression 
gives the kinetic energy of the moving body in terras of quantities 
which are known. 

Kinetic Energymass x (velocity)® 

W=^ mv® 

It is easy to sec that if a force P acting through a distance s 
changed the velocity of a body from m to v, 

P8—lm{v*—u^) 

or work done by the force = change in kinetic energy. 

Potential Energy is the energy which a body possesses by virtue 
of its position relative to the surroundings, its condition or 
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configuration (i.e. the relative position of its parts). It is measured 
by the work the body can do in passing from the given position, 
condition or configuration, to some standard position, condition 
or configuration. 

Consider a body of mass m raised to a height h above the ground. 
In falling it can pull another body up. The work it can do is 
given by the product of its weight and height above the ground 
(generally the standard position). This is the measure of its 
potential energy. 

Potential energy—mgh. 

Compressed air can drive machinery. It possesses energy by 
virtue of its condition of being compre.s8ed. The standard condi¬ 
tion is generally that under normal atmospheric pressure. Tlie 
work that the compressed air can do in expanding to'a pres-sure 
of one atmo.sphere is a measure of its potential energy. 

The main spring of a clock, when wound, drives the hands of 
the clock. It acquires potential energy in winding which changes 
the relative position of the different portions of the spring. As 
it is unwound it loses energy. 

The sum of the kinetic and potential energies of a freely falling 
body remains constant throughout its motion. Lot m be tlu^ mass 
of a body falling freely from rest from a height h above the ground. 
Let V be its velocity after it has travelled a distance x from its 
initial position. From the relation 

(final velocity)**—(initial velocity)* 2 x acceleration xdistance 
we have 

v^—2gx 

The kinetic energy of the body at this height is 

A mv^~mgx. 

Its potential energy at this height, i.e., h—x above the ground, 
is mg {h—x). 

.*. The total energy = Kinetic energy f Potential energy 

~mg-{ mg {h—x)—mgh. 

Since x may have any value from 0 to h, we find that the total 
energy of the falling body remains constant and is equal to its 
potential energy at the topmost position. 

It is also clear from the analysis that the gain in kinetic energy 
is equal to the loss in potential energy. 

72. Transformation of Energy 

The case of a falling body is a very simple example of trans¬ 
formation of energy from one form into another. Here potential 
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energy changes into the kinetic form. A body projected upwards 
shows the reverse transformation. When we look carefully at 
natural events, we find that they all provide illustrations of 
transformation of energy. In fact, a change is nothing but such 
a transformation. 

When we rub our hands together heat is developed. Here 
mechanical energy is converted into heat. A steam engine con¬ 
verts heat energy obtained by burning coal into mechanical 
energy. 

When a closed coil of wire is rotated by mechanical means in 
the neighbourhood of a strong magnet, electricity flows through 
the coil. Mechanical energy has been converted in the process 
into the electrical form. When an electric current passes through 
an electric motor, as in our electric fans or in the motors of tram 
cars or of the electric trains, the spinning of the motor illustrates 
transformation of electrical into mechanical energy. Examples 
of this kind may be multiplied without limit. 

It is, however, interesting to note tliat the sun is the ultimate 
source of energy for all changes on the earth. Light and heat energy 
from the sun are necessary for the germination and growth 
of plants. Animals depend for tlieir food on plants. Coal, one of 
our principal sources of energy, represents stored up sunshine 
of geologic ages. Oil, another important source of energy, is sup¬ 
posed to have been derived from the bodies of minute organisms 
which lived ages ago. The water-cycle, essential for life on earth, 
is maintained by the sun’s heat. 

73. Conservation of Energy 

In all examples of transformation of energy we find that a 
body cannot acquire energy except at the expense of energy possessed 
by other bodies. Energy can neither be created nor destroyed. It can 
only change form, or pass from one body into another. When¬ 
ever one system loses energy another gains it. Where measure¬ 
ments are possible, it has been found that the loss of energy of 
one system is equal to the gain in energy of the other. When 
energy changes form a fixed quantity of one kind is always 
obtained for a fixed quantity of the other. 

All these lead us to believe that the total amount of energy 
in the universe remains constant. This is known as the law of 
conservation of energy. 

A system of bodies which can exchange energy only among 
themselves, no energy leaving the system nor any energy enter¬ 
ing it from outside, is called an isolated system. The principle 
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of conservation of energy may be stated in the form that tht 
total energy of an isolated system remains constant. 

Anotiier important law of energy, of which we find innumerable 
examples and make simple use, is that the potential energy of a 
system tends to become a minimum. Thus bodies tend to roll down 
a slope and springs unwind. 

74. Dissipation of Energy 

Whenever energy is transformed, though none is destroyed, 
there is a loss of one kind. To run a machine energy is fed into 
it, and it does work. The effective work it does is always less than 
the work supplied to it. In other words, the output is always less 
than the input. Part of the energy is spent in overcoming the 
friction of moving parts, and appears as heat. The loss is not in 
the total energy, but in the availability or usefxilness of some of 
it. Lord Kelvin was the first to recognise the general principle 
that whenever energy is used or transformed, some of it leaks 
away out of our control and becomes forever dissipjited or un¬ 
available. This principle is known as the principle of dissipation 
of energy. 


Exercises 

1. Define work. Distinguish between Avork done by a force 
and work done against a force giving two examples of each. 

2. Name the common absolute and gravitational units of work 
and define any two of them. Say also how the two you define 
are related to each other. 

3. What is meant by power ? Define the kilowatt and the horse- 
power and express one in terms of the other. 

4. What is energy ? Distinguish between ‘linetic and potential 
energy, giving examples. 

Show that the total energy of a freely falling body remains 
constant. 

6 . What do you understand by the principle of conservation 
of energy 1 Give six examples of transformation of energy of 
different kinds. Which of them have large industrial application ? 

6 . What do you understand by dissipation of energy ? How 
does it affect machines which supply pow'er ? 

7 . A pendulum bob is attached to a thread 100 cm. long. It is 
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pulled aside so that the thread makes an angle of 10® with the 
vertical and is then released. Find the velocity of the bob as it 
passes the lowest point. 

HirU : Max. pot. energy of bob=its max. kinetic energy. 
Pot. energy=wigrA=msrx 100 (l—cosl0°). {Ans \ 54-6 cra/sec). 

8. A bullet of mass ^ oz. has a velocity of 2400 ft./se(!. Find 
its kinetic energy and the average resistance in lb. wt. offered by 
a body which it penetrates to a depth of 6 in. 

{Ana ; 90,000 ft.pdls ; 5626 lb. wt.) 

9. A pump raises 30 gallons of water a minute through a height 
of 70 ft. What is the increase per minute in the potential energy 
of water ? What is the horse-power of the engine required to 
operate the pump if the efficiency of the engine is 80% ? 

[Hint ; Efficiency is the ratio of the output to the input. 

{Ans ; 21000 ft. lb. per min. ; 0-795 H.P.) 

10. How fast can a crane lift a block of iron weighing 1650 lb. 

if 4 H.P. be applied 1 {Ans : ^ ft./scc.}. 



CHAPTER 9 

PROPERTIES OF MATTER 

75. Three States of Matter 

A casual glance at our surroundings tells us that matter can 
exist in three states, viz., (i) solid, (ii) liquid, and (iii) gaseous. 
For purposes of simple classification we may say that— 

A solid has a definite shape and a definite volume. 

A liquid has a definite volume, but no definite shape. It 
as.suraca the shape of the vessel in whicli it is put. 

A gas has neither a definite shape nor a definite volume. It 
completely fills the vessel holding it. 

Since botli liquids and gases can flow they are included toge- 
gethcr under the name fluids. 

The three states in which we may find a substance such as water, 
are due to the differences in the states of aggregation of its 
molecules. In solids, molecules are arranged in regular patterns 
and cannot leave their places in the pattern. In liquids, molecules 
form closely packed swarms, but a molecule is almost free to 
move within a swarm. In gases, molecules are free to move 
about. Hence a gas completely fills the vessel holding it. 

76. General Properties of Matter 

Matter has some general properties which do not depend on the 
state of aggregation of its molecules. Some of the more important 
of these properties are ; 

(i) Inertia. Matter cannot of itself change its state of rest or 
of motion. This property has been discussed earlier in § 64. 

(ii) Gravitation. Every particle of matter attracts every other 
particle in the universe with a force which is inversely proportional 
to the square of the distance between thej»» and directly propor¬ 
tional of their masses (see § 77). 

(iii) Elasticity. Matter resists any change of shape or volume. 
When the deforming force is removed it tends to come back to 
its original condition. This property of matter is called elasticity. 

(iv) Cohesion and Adhesion. Molecules of the same kind attract 
each other strongly at very short distances. This is known as 
cohesion. Between molecules of different kinds there is a similar 
force of attraction, strong at very short distances. Tliis is known 
as adhesion. These should not be confused with gravitational 
attraction. 
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Cohesive forces between glass molecules maintain the shape of 
a piece of glass and oppose its being broken into pieces. When 
water adheres to glass it does so on account of adhesion between 
water and glass molecules. 


77. Gravitation and Gravity 

The law of universal gravitation, first enunciated by Newton, 
states tliat.— 

Every particle of matter in the universe attracts eveT}^ other 
particle with a force F which varies directly as the product of 
their masses (w,w') and inversely as the square of the distance 
between them. In symbols, we may write 


F OT F=G~T' 


G in this equation is called the universal gravitational constant. 
In the e.g.s. system its value is 6-67 x 10'®. This means that two 
point particles of mass Igm. each planed at a distance of 1 cm. 
from each other attract each other with a force of 6-67 x 10'® 
dyne. 


Spheres, solid or hollow, attract each other as if the entire mass 
of each were concentrated at its geometrical centre. 

In accordance with the law of universal gravitation the earth 
attracts all bodies near it with a force proportional to the mass 
m of the body. Taking the earth to be a homogeneous sphere of 
radius R and mass if, the gravitational attraction, W, which it 
exerts on a body on its surface, is given by 


W=G 


Mm 


This force, called the force of gravity is directed towards the 
centre of the earth. This is also the weight of the body. We know 
that when a body falls freely under gravity it does so with a 
constant acceleration which we denote by gf (§ 60). Hence by 
Newton’s second law of motion the weight IT of a body of mass 
m is given by W~mg. 

mg=GMmlR* 
or g=:GMIB^. 

Variation of g. We have stated in § 60 that g varies from place 
to place on the surface of the earth as the earth is neither a true 
sphere nor is it homogeneous, g increases in value with latitude. 
It has the lowest value at the equator and the highest value at 
the poies. Besides, g diminishes away from the surface of the 
earth, both above and below. 4* the centre of the earth ^=0, 



PROPERTIES OF MATTER 


96 


niass and Weight. Since W =mg, and g varies in the manner 
j ust stated, it will bo clear that the weight qf a body will change 
(though very slightly) as we take it from one place to another on 
the surface of the earth. The weight will diminish if the body 
is moved to places above or below the .surface of the earth. The 
changes are, however, very small. It should be noted that the 
mass of the body does not change in any u^ay by such transfers. 

Since the extension of a spring balance is determined by the 
weight of the bofly suspended, a spring balance is theoretically 
capable of detecting the changes in weight of a body. The gra¬ 
duations of such a balance, made at one place, will not strictly be 
correct at another place where g differs. 

As, how’cver, the differences are very small (about 1 in 400 at 
most) such discussions have more of an academic interest in them 
than any practical one. 

78. The Simple Pendulum—Measurement of g 

In view of the importance of the quantity g, the acceleration 
due to gravity, it is natural to enciuire if there are simple methods 
of measuring this quantity. There arc many, the one using a 
simple pendulum being among the easiest. Before describing the 
method it may be useful to add a few words about the simple 
pendTilum. 

A simple pendulum, strictly speaking, is an idealize*! device, 
being supposed to consist of a heavy particle suspended from a 
fixed point by a weightless, inextensible and perfectly flexible 
string. Obviously no actual pcnrlulum can correspond to the 
above ; but a heavy .spherical bob suspend<!d by means of a light 
string is a fairly close approximation. 

Laws of simple pendulum. The motion of a simple pendulum 
has certain characters whitih are often referr'd to as the ‘law6 of 
simple pendulum.’ They arc as follows : 

(i) Law of isochronism. At a given place, the oscillations of a 
simple pendulum of given length are executed in equal times 
provided the arc of swing (i.e., angular amplitude) is small. 

(it) Jmw of For pendulums of small amplitude at a given 

place, the periodic time, T, is proportional to the square root of 
the length, 1. 

(tit) Law of gravity. For a given pendulum of small amplitude, 
the periodic time varies inversely as tlxe squre root of the acce¬ 
leration due to gravity, g. 
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(iv) Law of mass. The periodic time of a pendulum dues not 
depend on the mass or the material of the bob. 

Experiments confirming laws {i) (n) and (iv) have already been 


described in § 21. 

It will be wortli wliile to remember that the periodic time of a 
simple pendulum of small amplitude is given by 

t= 27 c /r 

Vg 


Because g has the largest value on the surface of the earth, T 
will bo shorter on the surface chan anywhere above or below it. 
When T is shorter we say the pendulum is faster. As I shortens 
with fall in temperature, T will be shorter in winter than summer 
and the pendulum faster. 


Measurement of g. Rearranging Eq. 78-1 we may write 


9 



(78.2) 


If we follow the method described in § 21 for Experiment 11 
we can get the value of IjT^ for different values of 1. The mean 
value of this quantity as obtained from the experiments may 
then be substituted in Eq. 78-2 to give us the value of g. If I is 
in centimetres and T in seconds, g will be in cm. pei sec. per sec. 

(Question 4 of the ‘Practical Exercises’ at the end of Chapter 
1 may be seen in this connection.) 


Simple Harmonic motion. The motion of the bob of a simple 
pendulum oi-cillating with small amplitude is of special interest. 
If you study it you will see that at the end of a swing the bob is 
momentarily at rest. As it moves towards its normal position of 
rest it moves increasingly faster. The motion is fastest at the 
bottom of the swing. Away from this position the bob slows 
down until it comes to a momentary halt at the end of the swing. 
The same motions are then repeated. 

The motion of the bob is one of variable acceleration. The 
most important character of the motion is that the acceleration is 
always directed towards the normal position of rest and, at any 
moment, it is proportional to the distance of the bob from this 
position. 

Since the force acting on a body is equal to the product of its 
mass and acceleration, the force acting on the bob of an oscilla* 
ting pendulum has all the above characters. A motion with these 
characters is called simple harmonic motion. We may lay down 
the following definition : 

If a body moves under the action of a force which is constantly 



PROPERTIES OP MATTER 


d7 

directed towards a fixed point and is proportional to the distance 
of the body from this fixed point, the motion is said to be simple 
harmonic. 

79. Elasticity—Hooke’s Law—Young’s Modulus 

We have stated in § 62 that while unbalanced forces produce 
motion, balanced forces acting on a body prodttce 
deformation. Consider a spiral spring (Fig. 69) 
supported rigidly at its upper end and weighted at 
the lower. If the lower end is pulled downw'ards 
the spring is acted on by two forces which balance, 
viz., (i) the applied downward pull, and (ii) an 
equal and opposite pull exerted by the support on 
the spring. The result of these two forces is an 
elongation—a deformation—of the spring. Very 
often we leave out of our consideration the force 
exerted on the spring by the support and speak 
of the elongation as being due to the pull exerted 
on it. 

In the above example the hand that pulls the Fig. 69 
spring experiences an upward force. This upward force resists 
the deformation of the spring, and is larger the greater the 
applied pull. When the pull is removed, the spring acquires its 
original length. This simple observation shows that— 

(i) When a body (here the spring) is deformed, the body resists 
the deformation, and 

(ii) Wlien the deforming force is removed, it tends to go back to 
its original condition. 

Elasticity. The property of matter by virtue of which matter 
resists the action of a force tending to change its shape or size and 
returns to its original shape or size on removal of the deformmg 
force, is called elasticity. 

Strain. If the shape or size of a body changes under the action 
of a force, the body is said to be strained. The change in shape or 
size that it undergoes is its deformation. The fractional deform¬ 
ation or the relative change so produced is called its strain. 

Stress. When a body is strained, forces of reaction are brought 
into play within the body. These forces, which resist the deform¬ 
ation and tend to restore the body to. its original form and 
dimensions, constitute a stress. 

Units qK strain an4 stress. Consider a piece of wire, rigidly 
7 
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supported at its upper end, being stretched by a load at its 
lower end. As the load increases, so does the elongation. If 
« =the elongation for a load F, 
i(==tho initial length of the Avire, 
c< =area of cross section of the wire, 
then strain —e/Z and stress=J’/e< . Strain, being a ratio of two 
similar quantities, is expressed as a pure number. F is in reality a 
force. Hence stress is to be expressed as a force per unit area. Note 
that this is also the way we express a pressure. Often F is 
expressed in mass units. 

Elastic limit. In the above example of the stretched wire, we 
find that the wire resumes its initial length on removal of the load 
provided the load does not exceed a certain limit. If the limit is 
exceeded a permanent increase in the length occurs. This limit 
is known as the elastic limit. 

If we plot the extension of the wire under different loads, we 

get a curve as shown in fig. 70. The 
graph is a straight line upto a point 
A. The load corresponding to this 
point divided by the cross section of 
the wire gives the elastic limit. Upto 
the elastic limit, the extension is 
proportional to the load, or the stress 
is proportional to the strain. 

Hooke’s Law. The fundamental law relating to elasticity was 
discovered by Robert Hooke (1635-1703), an English physicist. 
It states that so long as the elastic limit is not exceeded the stress 
is proportional to the strain. 

.-. Stre38=a constant (say, K)x strain. 

The constant K has a value characteristic of the material of 
the elastic bod 5 ^ and is called the modulus of elasticity. 

Young’s Modulus. If e is the elongation produced by a load F 
when applied to a wire of original length I and cross section «<, 
then the stress= jP/c< and the strain ~e/Z. The ratio of this stress 
to the strain is called Young’s modulus. Denoting the latter by 

r, We have 

ejl wCe 

Since strain is a number. Young’s Modulus is expressed in the 
same units as a stress, e.g., in pounds per sq. in., gm. or kg. or 
dynCs per sq. cm. etc. 

$Qine 9the7 kinds of strain. extension of a wire un^cr a 
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load represents a kind of strain known as tensile strain. The corres¬ 
ponding stress is called tensile stress. If the force is one of 
compression along a direction instead of extension as above, the 
corresponding strains and stresses are called compressive strains 
and compressive stresses. 

When a beam supported at the ends is loaded at the middle, 
the depression is proportional to the load so long as a certain 
limiting load is not exceeded. The extension of a loaded spring 
is proportional to the load producing it unless the load exceeds a 
limit. Action of the spring balance is dependent on this 
behaviour of springs. 

The twist in a wire is porportion.'il to the couple producing the 
twist provided tbo latter does not exceetl a certain value. 

In all cases the limiting value depends on the nature of the 
deformation, the material of the body undergoing the deformation 
and the <limen8ions of the body. 

80. Centre of Gravity 

A body may be looked upon as being made up of a large number 
of particles, each of finite mass. Each particle is attracted towards 
the centre of the earth by the force of gravity, which is proportional 
to the mass of the particle. Owing to the large radius of the earth 
these forces may be taken as parallel. 

The weight of a body, therefore, consist s of a system of parallel 
forces acting upon the individual particles which make up the body. 
The point of application of the resultant of this system of parallel 
forces is called the centre of gravity of the body. The weight of a 
body may be taken to act at its centre of gravity. It therefore 
follows that when a body is supported at its centre of gravity, it will 
have no tendency to turn under the action of gravity. The position 
of the centre of gravity is thus independent of the position of the 
body. 

Centre of gravity of bodies of simple shapes can often be 
located by inspection. In the case of a thin uniform rod, the centre 
of gravity (let us henceforth abbreviate it into C.G.) is at the centre 
of the rod. The turning moment about the centre due to the weight 
of a particle is balanced by that of another particle similarly 
placed on the other side of the centre. Hence the total turning 
moment of the rod about its centre is sero, The centre of the rod 
is therefore its C.G. 
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The C.G. of some uniform, homogeneous bodies having simple 
geometrical shapes are given below: 


Body 

Circular lamina 
Annular disc 
Triangular lamina 

Rectangular lamina 

Sphere 

Spherical shell 

Cylinder 

Cone 


Position of C.O. 

Centre of circle 
Centre of annulus 
Point of intersection of 
the medians. 

Point of intersection oi 
the diagonals 
Geometrical centre 
Geometrical centre 
Midpoint of axis 
On the axis at a distance 
equal to J of the height 
above the base. 


Eiperimental determination of C.G. The fact that a body 
supported through its C.G. has no tendency to turn under the 
action of gravity, provides a convenient method of finding its 
C.G. When a body is balanced on a knife edge or, say, a bevelled 
ruler, its C.G. lies in the vertical plane through the line of balance. 
If you can find two such lines of balance, the C.G. must be on the 
vertical line through the point of intersection. If the body is a 
thin lamina, the point of intersection may be taken as its C.G. 
It may not, however, bo easy to balance a lamina about a knife 
edge. 

Experiment 26. Tofipd the C. 0. of an irregularly shaped lamina. 

Apparatus : Lamina, large pin, plumb-line. (The lamina may 
have a few small holes around its edge.) 

Method : Suspend the lamina by a pin from a point A near 
its edge so that it can turn about the pin freely. When the lamina 

is at rest, its C.G. must be vertically 
below the point A. By means of 
the plumb line mark the vertical 
through A on the lamina. 

Change the point of suspension 
and repeat what you have done in 
the first case. You will find that 
the vertical lines through the points 
of suspension (AA', BB', CG' in 
Pig. 71 Fig. 71) intersect at the same point 

Q. 0 givra the position of the C,Q, gf the lamint^ 
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81. Stable, Unstable and Neutral Equillbiinm 

The behaviour of a body when slightly displaced from its 
position of rest, depends upon the position of its C.G. 

A body is said to be in stable equilibrium if, when slightly 
displaced, it tends to fall back to its original position. Equili¬ 
brium is stable when the displacement raises the C.G. A cone 



standing on its base (Fig. 72), a cube resting on a face, a weight 
suspended by a string, a ball lying in a spherical cup (Fig. 73), a 
chair or table standing 
on its legs etc. are 
examples of stable 
equilibrium. 

A body is said to be Fig. 73 

in unstable equilibrium if, when slightly displaced, it tends 
towards further displacement. Equilibrium is ustable when the 
displacement lowers the C.G. A chair balanced on two legs, a 
cube balanced on an edge, a cone balanced on its vertex (Fig. 
72), an egg balanced with its long axis vertical, a ball on the 
top of a sphere (Fig. 73) etc., are examples of unstable 
equilibrium. 

A body is said to be in neutral equilibrium if, when slightly 
displaced, it remains in its new position. Equilibrium is 
neutral when the displacement neither raises nor lowers the C.G. 

A sphere resting on a horizontal surface, 
a pencil, a cylinder or a cone resting on 
its side etc., are examples (Fig. 72). 

A body will topple unless the vertical 
line through its C.G. passes through the 
base on which it is supported. The cylin- 
11 der in Fig. 74 cannot be kept standing 
on an end. Try piling \ip bricks one 




Fig. 74 
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above the other, but slightly displaced to one side. Soon the 

pile will topple. Tliis occurs when the 
vertical line through the C.G. of the pile 
moves outside the base offered by the lowest 
brick. Place a cylinder with its axis vertical 
on a board, and gradually tilt the board. 
Tlie cylinder w'ill topple as soon as the vertical 
line through its C.G. moves out of the base 
(Fig. 75). 

Fig. 75 The stability of a body depends on how 

far it may be tilted without toppling. High stability is obtained 
by keeping the C.G. low and making the base large. This is an 
important point to remember in the design of structures. 

Extra passengers should not be allowed on the upper deck of 
double-decker buses. If they are allowed, the C.G. will rise, and 
the risk of the bus toppling over while taking a bond will increase. 
Racing cars are built low for the same reason. 

C.G. of a combination of two portions. Tf a body is made of iwo 
portions the C.G. of each of which 
is known, it is easy to find the C.G. 
of the body as a whole. In Fig. 76 
let WI and FT, be the weights of 
the two portions making up the 
body, and 0, and Ca, their centres 
of gravity respectively. The centre 76 

of gravity of the body as a whole will lie at a point C on the 
line joining Ci and 6’a such that 

OC,_Wa 

CC, \-CC^_W, + W^ 

GC'^' W^ 

w 

or X 

W 

Similarly CC, =0^0a X 

If the portions are in the form of uniform laminse their weights 
will be proportional to their areas. If, besides, they have simple 
geometrical shapes the positions of (7, and could be obtained 
by calculation. We thus have data enough to compute the 
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position of C. If the body is a homogeneous solid, weight will 
be proportional to tho volume. 

Problem. A uniform lamina is 
in the form of a square with an 
equilateral triangle of the same side 
on top of it (Fig. 77). If the sides 
are 10 inches each, find where the 
C.G. of the lamina is. 

Solution : (7,, tho C.G. of the 
square, is at the intersection of tho 
diagonals. Hence it is 5 inches below' 
the centre 0 of the common side AB. 

Cg, the C.G. of the triangle, is one- 
third way up the median through 0 



Fig. 77 

i.e., 0(7,=|xlOx inches^ ^.jinches. 

Area of square, /4,~100 sq. in.; area of triangle, .4a=^Xl0x 
10 X -^^=25v'3 sq. in. 

5 73)^100 

inches nearly. 


Exercises 

1. Distinguish between solids, liquids and gases on the basis of 
‘shape’ and ‘volume’. What kinds of molecular aggregation do 
they have ? 

2. State the law of gravitation. Show how' the acceleration 
due to gravity is related with the gravitational constant and the 
mass and radius of the earth. 

3. What is the relation between mass and weight 1 How does 
the latter behave at different places on the earth, and above and 
below its surface ? 

4 State the laws of simple pendulum. Describe fully how' you 
would measure g with such a pendulum. 

What is the spooial feature in the motion of the bob of a simple 
pendulum oscillating with a small arc ? 

6 . Define stress, strain and Young’s modulus. What is Hooke’s 
law ? 
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Calculate in appropriate units the value of Young’s modulus 
given that a wire of length 1 metre and diameter 1 mm. extends 
by 1 mm. when stretched by a load of 10 kg. 

(Ans : 1-27x10® kg. per sq. cm.) 

6 . Define centre of gravity. How does a body behave when 
supported at the centre of gravity ? State the position of 
the C.6. when the body is (t) a uniform triangular lamina, (ii) 
a uniform right circular cone. 

7. How would you determine the C.G. experimentally in the 
case of a lamina ? 

8 . What do you understand by stable, unstable and neutral 
equilibrium ? Give two examples of each. 

9. (a) A block of wood measures How should it 

lie so as to have maximum stability ? 

(b) Why is it dangerous to load passengers on the upper 
deck of a double-decker bus ? 

(c) Why are racing cars built low and with a larger distance 
between wheels than in other cars of similar size 1 
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THERMOMETRY 

82. Heat 

Wo derive the sensations of warmth and cold through our 
sense of touch. When a vessel containing cold water is placed 
over a fire, it becomes warm, then hot and finally begins to boil. 
The external agenJt which turns a cold body hot is called heat. When 
a body is heated \ive conclude that heat has been added to it. 

All bodies contain heat. However cold a body is, it contains 
some heat. Water in a lake, pond or river is colder than boiling 
water ; ice is colder then water in a lake. If ice is added to a 
tumblerful of ordinary water, it melts. The water becomes 
colder than before, but remains warmer than ice. We can ex¬ 
plain it by saying that some heat has passed from the water into 
the ice and melted ami warmed it. The tumblerful of ordinary 
water which was colder than boiling water, undoubtedly con¬ 
tained heat. 

Even ice contains heat. Liquid air is much colder than ice. 
When a vessel containing liquid air is placed over ice, liquid air 
boils like water over a fire. Heat passes from ice into the liquid 
air. 

The same agent ‘heat’ is responsible for both the sensations 
of heat and cold. When heat enters our body from the object 
touched, we feel tho sensation of warmth. When heat leaves our 
body, we feel the sensation of cold. 

83. Temperature 

We have said that all bodies contain heat. It should be re¬ 
membered that our sensation of warmth or '-old does not depend 
on the total amount of heat that a body contains. When a 
quantity of cold water is poured into a vessel containing hot 
water, the total amount of heat in the water of the vessel is larger 
than before ; but tho water appears colder than it was. 

If the sensation of warmth is not to depend on the total quantity 
of heat in a body, it must depend on some other factor. This 
factor is called temperature. In trying to define temperature 
we observe that when two bodies are kept in contact, heat may 
pass from one body into the other. One of the bodies gets colder 
and the other warmer. The former loses heat to the latter. This 
behaviour of bodies helps us in defining temperature. 


106 


HBAT 


d6krmines, 

its abiUt^ to transjer heqi to otMr bodies.. Heed fiows from the 
body at the higher temperature to the body at the lower temperature. 
When the temperature is the same for two bodies heat ceases to 
flow from one to the other. 

If we take a cupful of water out of a bath tub, the water in the 
cup has tho same temperature as that in the tub. But as the tub 
may contain a thousand cupfuls of water, the total heat in the 
tub is mucli greater than that in the cup. 

84. Difference between Heat and Temperature 

The points of difference between heat and temperature should 
be clearly realized. 

(i) Addition of heat to a body causes its temperature to rise. 
Heet is the ‘cause’, and rise of tcraperatufe the ‘effect’. 

(ii) Temperature of a body provides no measure of the heat 
that the body contains. The temperatures of two bodies may be 
equal, yet they may contain widely different quantities of heat. 
A bucketful of water and a c,upfiil taken out of it will serve as 
an example. 

The quantity of heat in a body depends on its temperature and 
mass, as well as on the substance of which it is made. 

(iii) The rise in temperature of two bodies may be different 
even when the same heat is supplied to both. A cup of boiling 
water added to a bucket of water raises its temperature but 
little (makes it slightly warmer), But the same cupful warms a 
tumbler of water from the bucket much more. 

(iv) Tho flow of heat from one body to another is determined 
by their temperatures and not by the amounts of heat that they 
contain. Heat flows from the body at the higher temperature to 
that at the low'er temperature. 

The relation between heat ami temperature is very similar to 
that between water and its level. When water is put in a vessel, 
the level of water in it rises. When heat is put into a body, its 
temperature rises. Temperature is, therefore, a kind of ‘heat 
level’. 

When two vessels in which water stands at different levels 
are connected together, water flows from the vessel which has 
the higher level to that at the lower level until the level is the 
same in both. When two bodies at different temperatures are 
brought into contact heat flows from tho body at the higher 
temperature to that at the lower, until the temperature is 
equalized. Tbe direction of flow is not determined by the total 
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quantity of water in the vessel or the total amount of heat in the 
body. 

85. Effects of Heat 

The effects of heat are too many to enumerate. Almost all 
physical properties are affected more or less by heat. It can also 
bring about chemical changes. Most chemical actions take place 
faster at higher temperatures. I’his also applies to life processes ; 
but life cannot continue at high temperatures. In this book we 
shall however concentrate on the following effects of heat, viz., 
(i) rise in temperature, (ii) change of .size, and (iii) change of 
state from solirl to liquid and liquid to vapour. Heat raises the 
temperature ; the other fdianges are direct effects of the rise of 
tomi)eraturo. Jncandesc-^icc is such an effect. Bodies when 
sufficiently hot emit lig''-t. A candle flame contains incandescent 
carbon particles. In an electric bulb the filament has been brought 
to incandescence by electric current. 

86. Thermometeis 

A thermometer is a device for measuring temperature. Our 
sense of touch does not provide an accurate means for measuring 
temperatures. It may even give us a wrong idea. If one hand 
is dipped in hot water, and the other in cold water, and then 
both hands in tepid water, the hand that was dipped in hot 
water feels cold, while the other feels warmer. When the differ¬ 
ence of temperatnro is small w'e maj fc.il to realise the difference 
by our sense of touch. Besides, our sense of warmth or cold is 
also determined by the rate at which beat flows into or out of our 
body. On a hot day a piece of metal feels warmer than a piece 
of wood ; but on a cold day the sensations are reversed, though 
on any day the tcimperaturo of the metal was the same as that 
of the wood. 

It thus becomes necjcssary to devise a me*, hod of measuring 
temperature. We know that the volume of a substance increases 
with rise in temperature. The increase is much larger for liquids 
than for solids. The expansion of a liquid w'ith rise in temperature 
may bo utilized for measuring temperatures. For various 
reasons (see § 90) mercury is preferred to other liquids for tempera¬ 
ture measurement. 

The most common form of thermometer is the mercury-in- 
glass thermometer. In it the excess expansion of mercury over 
that of the glass bulb in which it is contained is utilized for the 
measurement of temperature. The construction of a mercury-in¬ 
glass thermometer is described below. 
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87. Construction of a Mercury Thermometer 

A luercury-iu-glass thermometer can be constructed from a 
long piece of capillary glass tube which has a bulb 
A and a funnel B (Fig. 78) sealed at its two ends. 
A constriction is made in the tube at D below the 
funnel, while just below it there is a small bulb C. The 
interior of the tube must be free from dust, grit and 
grease. 

Mercury is placed in the funnel and the bulb A gently 
heated. Air in A expands and partly escapes through 
the mercury. As A cools a little mercury is drawn into 
the bulb. If this mercury is now boiled mercury vapour 
drives the air entirely out of the bulb and the tube. On 
cooling the vapour condenses ; more mercury from the 
funnel is drawn into A and completely fills it. 

The bulb is then maintained at a temperature a little 
above the highest to which the thermometer will ever 
be used and finally sealed off at D. (The small bulb 0 

I s^ves as a^rptectiyejlevice. If over the thermometer 
is heated to a temperature higher than that for whicli 
-A itjs designe d mercury will collect in O and prevent 
the thermometer from breaking. 

Fig. 78 The fixed points of a thennometer. The thermometer 
so constructed is not yet ready for use. A scale for measuring 
temperatures has to be fitted to it. For this purpose we must 
determine the positions (within the tube) which the mercury 
meniscus occupies at two known temperatures. These two 
temperatures are the temperature of melting ice and that of 
boiling water. The former is called the ice 
point or the lower fixed point of the thermo¬ 
meter, and the latter, the steam point or 
the upper fixed point of the thermometer. 

These two fixed points have the advantage 
that they are readily reproducible anywhere 
in the world. 

Experiment 27. To determine the lower fixed 
point of a thermometer. 

Apparatus. An ungraduated mercury ther¬ 
mometer, some crushed ice, a glass funnel, 
a beaker and a stand. 

Place the thermometer in a funnel as in 
(Fig. 79). The bulb and the lower part of Fig. 7» 




THERMOMETEY 


109 


the stem must be completely surrounded by finely crushed 
melting ice. From time to time observe the position of the 
mercury meniscus in the tube. When the thermometer acquires 
the temperature of melting ice, the level of mercury in the tube 
maintains a steady position. Note this position. This is the lower 
fixed point. 

Experiment 28. To determine the upper fixed poind of a thermo¬ 
meter. 

Apparatus. An ungraduated thermometer, a hypsometer and 
a bunsen flame. 

The thermometer is kept in a steam bath. This may be 
conveniently done with the help of a hypso¬ 
meter (Fig. 80), which consists of a cylindrical 
vessel A in which water is boiled. The steam 
passes up the cylinder BB then down the 
region between the two cylinders BB and CC 
and out at D. The thermometer is inserted 
through a cork in the cover and so arranged 
that the final level of mercury is just visible. 

When the thermometer has acquired 
the temperature of steam the level of mer¬ 
cury acquires a steady position, which is 
marked. This is the upper fixed point of the 
thermometer. 

88. Scales of Temperature 

After the fixed points of a thermometer have been determined, 
the distance between them is divided into a number of equal 
parts so as to form a scale for measuring temperature. There 
are two scales in common use. 

(i) The Centrigrade Scale. On this scale ♦he temperature of 
melting ice is taken as zero degree centigrade (written 0°C) and 
that of steam boiling under normal atmospheric pressure as 
lOO^C. When the space between the lower and the upper fixed 
points of a thermometer is divided into 100 equal parts, 
each part corresponds to a difference of temperature of VC. 
This scale of temperature is used in scientific measurements all 
over the world. Many countries, of which India has recently 
become one, use this scale for domestic, industrial and commer¬ 
cial purposes also. 

(ii) The F&hroiAcil Scale. On this scale the ice point is tf^ken 
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as Z2°F and the steam point as 212°i'\ The distance between 
the two fixed points is divided into 180 equal parts. Each part 
corresponds to a temperature difEerence of 1°F. The scale is 

used for domestic, industrial and commercial 
purposes in the U.S.A., the U.K., and other 
countries of the commonwealth except 
India. The doctors’ thermometer is graduated 
on this scale. 

Thermometers graduated on the centigrade 
and Fahrenheit scales are represented in 
fig. 81. 

89. Relation between the two Scales of 
Tempeiatuie 

We find from the definition of the scales 
that — 

a temperature difference of lOO^C 
= a difference of 180°^. 

This helps us in converting a reading 
from one scale to the other. Suppose that 
the reading of the same temperature on 
two thermometers are c on the centigrade 
scale and / on the Fahrenheit scale. A 
temperature which reads/® on the Fahrenheit 
scale is (/—32 )®jF’ away from ice point. 

difEerence of 100°C, 

m {f-^2rc 

(f-32rC 

That is, the temperature of f^F is f (/—32)®C from the ice 
point. But this temperature is also c"C from the ice point. 

c=|(/-32) (89-1) 

and /•-=» cH-32 (89-2) 



Since a difEerence of 180°J?’= 
(/-32)°i’=- 




90. Mercury as a Thermometric Substance 

A thermometric substance is one, the change in some pro¬ 
perty of which is utilized for measuring temperature. In mer- 
cury-in-glass thermometers mercury is the thermometric subs¬ 
tance. Temperature is measured by the change in the length of 
a column of mercury due to the change in volume which the 
mercury in the bulb undergoes with change of temperature. 

The advantages of mercury as a thermometric substance are 
the following ; 
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(i) Mercury freezes at —39°(7 and boils at 357''C. It can 
thus be used over a fairly wide range. 

(ii) Mercury has a fairly large expansion for a small change 
in temperature. Moreover, the expansion is fairly constant at 
different temperatures. Eqiial scale divisions therefore repre¬ 
sent practically equal changes of temperature. 

(iii) Mercury is a good conductor of heat. When put in contact 
with a body it quickly acquires the-temperature of the latter, 

(iv) It is opaque and can be easily seen through glass. 

(v) Compared with any other liquid of the same mass it takes 
much less heat from the body of which the temperature is to be 
measured. But its high density noutralizes this advantage, as a 
given volume of it has a much larger mass than any other liquid. 

(vi) It dees not stick to glass, 

(vii) It can easily be obtained pure, 

91. Maximum and Minimum Thermometers 

For meteorological purposes as well as in some industries it 
is necessary to know the maximum and the minimum tempera¬ 
tures reached at any place in the course of the day. Self-record¬ 
ing thermometers are used for this purpose. These are provided 
with simple devices which enable one to read off from the thermo¬ 
meter the maximum or the minimum temperature it reached 
last. Some of these thermometers are described below: 

(i) Rutherford’s Maximum Thermometer. It is a mercury 
thermometer from which one can read off the maximum tempera¬ 
ture it reached since it was set last. 



Fig. 82 

The thermometer tube is horizontal and has a light steel 
pointer m outside the mercury thread (Fig, 82 and inset). The 
pointer can be moved with the help of a magnet or by tilting 
the frame which carries the thermometer. It is placed with one 
of its ends in contact with the convex surface of the mercury 
thread. As mercury expands on rise of temperature it pushes 
the pointer ahead of it. Wlien mercury contrac ts the column 
shrinks, leaving the pointer at the place to which it h,ad been 
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pushed. The position of the end of the pointer facing the mer- 
cury thread gives the maximum temperature reached. 

(ii) Rutherford’s Minimiini Thermometer. To get the minimum 
temperature Rutherford devised an cdcohol thermometer which 
has a light glass pointer (o; fig. 83) placed within the liquid. 



Fig. 83 

In use, the thermometer tube is kept horizontal with one end 
of the pointer in contact with the concave end of the 
alcohol thread. When the column shrinks with fall of 
temperature, the pointer is carried by the liquid as the 
surface of a liquid behaves like an elastic skin. But 
when temperature rises alcohol flows past the pointer, 
which is left in the position in which it was. The 
pointer thus gives the minimum temperature reached. 

(iii) Clinical or Doctors’ Thermometer. It is a maximum 
thermometer and is used for measuring the temperature 
of the human body. There is a constriction above the bulb 
(Fig. 84) which contains mercury. When put in close contact 
with the body the temperature of the bulb increases. As 
the mercury expands it forces itself through the constric¬ 
tion and rises up the stem. When removed from contact 
with the body the temperature of the bulb falls and the 
mercury shrinks into the bulb. But the constriction being 
very narrow the mercury thread breaks there. While the 
mercury below the constriction shrinks into the bulb, that 
above it remains within the stem and indicates the 
Fig. 84 maximum temperature reached. When a fresh reading 
has to be taken this thread must be forced into the bulb by 
jerking. If the temperature of air is higher than that of the 
human body the mercury in the thermometer continues to rise 
after it has been removed from contact with the body. 

The scale is graduated in degrees Fahrenheit and has 
the range to llO^F. Human life cannot last long beyond 
^his range of temperature. Hence a bigger range is urmecessary, 
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A ‘ I minute’ thermometer means that its bulb should be placed 
inside the moutl) for at least J minute to reach the temperature. 

^ Exercises 

I. Distinguish between heat and temperature. 

^2. Describe the construction of a mercury-in-glass thermo- 
n^ter. 

Wliat purpose is served by the small bulb at the upper end of 
the capillary of such a thermometer ? 

3. Wliat are the iixed points of a thermometer ? Describe the 
centigrade and Fahrenheit scales of temperaturo. 

How can a reading in be converted into °C ? Normal tempera- 

tiire of the human body is 98-4 °F. How mucli is it in °C ? 

4. What are the advantages of using mercury in thermometers ? 

5. How would you determine the maximum or the minimum 
temperature reached at a place in a certain period of time ? 
Draw a sketch inrlicating the position of the pointer i dative to 
the liquid thread in the thermometer. 

6 . Describe the action of a elinioal thermometer and say how 
it can be considered a maximum thermometer. 

7. Convert (i) 50°C, and 125°G into degrees Fiihrenheit 
and (ii) 158°F, 202°F and 200°F into °C. 

(Am : (r) 122; 194, 257 ; (ii) 70, 95,130.) 

8 . Draw a graph to convert °0 into °F, and find from it the 
value of 45°0 in °F, and of 59°F in °0. (Am : 113“^, 15°C.) 

9. Express a rise of temperature of 55°C in °F, andof 117®F 

in °0. (Am : 99 ; 65) 

10. At what temperature are the readinjrs on the centigrade 

and Fahrenheit scales the same ? (Aws : ~40°C or °F). 

II. The ice point on a thermometer roads 20°, and the 

steam point, 170°. What is the value in °0 of a temperature 
which reads 80° on the thermometer ? (Am : 40). 

fH&n£Mjon. 
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EXPANSION OF SOLIDS 

92. Some Demonstration Experiments 

When a solid is heated it expands ; wlien it is cooled it contracts. 
The expansion or contraction is so small that it cannot be seen 
with the unaided eye. It therefore requires carefully designed 
experiments to demonstrate the effect. 

Solids expand on heating, (i) Expansion of a solid on heating 
can be easily demonstrated with the arrangement shown in fig. 85. 



Fij;. 85 

One end of a thin metal rod is clamped to a stand. The free 
end is placed on a pin which carries a light pointer. A weight 
is hung from near the free end of the rod so that the rod presses 

on the pin and keeps the pointer in position. 
The rod is heated by running a flame along it. 
It will be seen that the pointer is deflected 
from its position. When the rod is allow¬ 
ed t{> cool the pointer attains its original 
position. The explanation lies in the 
expansion of the rod due to heating and 
subsequent contraction on cooling. 

(ii) Ball and ring experiment : Fig. 86 
shows a ball A which, when cold, just passes 
through the ring B, but does not do so when 
heated. 

Fig. 86 (iii) Expansion of wire tvhenheated electrically, 

A nickel wire about -Smm in diameter is hung from a hook and 
stretched vertically by^ a small weight. An electric current of 
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several amperes is passed through the wire so that it becomes 
red hot. As the wire is heated the weight descends rapidly. 
It rises when the current is stopped. This provides a vivid 
demonstration of tlic expansion of a wire on heating. 

Different solids expand differently. Different solids expand by 
different amounts under identical conditions. This may be shown 
in the following way. cold 

Two metal strips of exactly equal 
length arc riveted together (Fig. 87). 

One may bo of copper or brass and 
the other of iron. On heating, this 
compound bar bends with the brass Fig. 87 

or the copper on the outside. On cooling it straightens again. 
Tlio bending is due tn the fact thad. strip becomes longer 
than the other on heating. Brass or copper expands more than 
iron under the same conditions. 

Force of expansion or contraction is enormous. The breaking 
bar experiment (Fig. 88) demonstrates that an enormous force 

is brought into play when a 
solid contracts. A stout iron 
rod fits across two slots in a 
heavy iron stand. The rod has 
a hole through one end and 
a screw at the other. A cast 
iron pin (about I inch in dia- 
Fig. 88 meter) is passed through the 

hole. The rod is then heated and clamped tightly while hot 
by means of the screw. When the rod is allowed to cool it is 
found that the cast iron pin snaps owing to the enormous 
force of contraction. A slight modification of the rod (using 
anotlier hole) enables us similarly to dernor strate the force of 
expansion. 

93. Coefficient of Linear Expansion 

When a solid is heated it expands in all directions ; but very 
often we are concerned with its expansion only in one direction, 
viz., length. We speak of this as the linear expansion of the solid. 

Let Z, be the length of a bar at a temperature and its 
length at temperature f;,. Experiment shows that the increase 
in length, Z^—Z„ is approximately proportional both to Z, and 
to the rise in temperature We may, therefore, write 

Zj“-Zj=c<Zi (Zj—Zi) 

where •< is a small constant whose value depends on the 
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material. It is called the coefficient of linear expansion of the 
material. It should properly be called the mean coefficient of 
linear expansion between the temperatures and tg. Writing 




(931) 


■we may define c< as follows: The. coefficient of linear expansion 
is the change in length per unit length per degree rise of temperature. 
Coefficient of linear expansion 


_ Increase in length 

Original length x rise in ttiinpcratiire 
It follows tliat if l^ i.s the length at a temj)oraturc t^ of a piece 
of material of coefficient of linear expansion X, its length at 
temperature will be given by 


(93-2) 

It is easy to see that x is independent of the unit of length, 
but is dependent on the temperature scale. In equation 93*1 
{k~'h)lh represents the change in length per unit length and is 
a pure number. In mentioning the value of x we must say if 
the change in length was caused by VC or 1°^* rise of terai)eraturc. 
X, therefore, depends on the scale of temperature adopted. 

The following example will make it clear. Let the lengths of 
a bar at the temperatures of melting ice and of boiling water be 
Z, and k respectively. Adopting the centigrade scale and denoting 
by ■< ^ the appropriate coefficient of linear expansion we have 


_ k-k 

" Z.XlOO 

On the Fahrenheit scale we have the corresponding coeffi¬ 
cient given by 

X^— 


Zj Xl80 





X 

c 


The meaning of a statement like “the coefficient of linear 
expansion of brass is 19x10“® per°(7” should be clearly under¬ 
stood. It means that for VC rise of temperature a rod of brass 
expands by 19x10“® part of its original length. In other 
words 

for 1®C rise of temperature I cm long brass rod increases 

by 19 X10"® cm 
1 metre „ „ 19x10“® metre 

1 yard „ „ 19 X 10“® yard 

Z units „ „ 19xl0“'®x? tinits, 
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94. Deiermination o£ the Coefficient of Lineai Expansion 

In all solids the (sxijansiun is so small that we must either 
magnify the change in length before measuring it or use some 
delicate measuring instrument. There are 
many forms of apparatus, of M'hich we 
shall describe only one which uses a micro¬ 
meter screw, and is known as Pulliriger's 
apparatus (Fig. 89). 

The experimental rod li stands vertically 
in a tube A mounted on the frame F.A 
has two thermometers T,, inserted in 
it to measure the temperature of R. It 
has also side tubes for inlet and outlet 
of steam and is surrounded by felt or 
some other non-conductor of heat. The 
top of R piisscs through a cork in A and 
through a hole in a glass plate G which 
rests horizontally on the frame. A 
spherometer rests on G. After the initial 
length I of the rod has been measured 
it is placed in position and the central Fig. 89 

log of the spherometer brought into contact with the top 
t)f R (This adjustment may be accurately made by connecting 
one end of an electric circuit containing an electric bell with 
a leg of the spherometer and the other end with R. When the 
contact between the spherometer and the rod R is established 
the bell starts ringing). The spherometer reading is taken. The 
central leg may now be raised without removing the spherometer. 
The initial temperature f, of the rod is read oft’ from T, and 

Steam is then allowed to pass through A. Temperature of R 
as indicated by T, and rises and finally becomes steady. 
When it has been steady for some time the central leg of the 
spherometer is again brought into contact with R and its reading 
taken. The difference in the two readings of the spherometer 
gives the exj)ansion x of the rod. The final temperature of 
the rod is noted from Ti and Tj. We have all the data to find 
the coefficient of expansion K . 

X 

95. Values of << for some Substances 

The following table gives the values of the coefficient of linear 
expansion of some common substances on the centigrade scale. 
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They are mean values between room temperature and steam 
point. 


Substance 

xper^O 

Substance 

X per "C 

Aluminium 

25-5x10-® 

Brass 

18-9x10-® 

Copper 

lfi-7 „ 

Bronze 

17-7 

Iron (cast) 

10-2 „ 

Glass (crown) 

8-5 to 9-7 „ 

„ (steel) 

10 5 to 11-6 

(flint) 

7-8 

Platinum 

8-9 „ 

„ (pyrex) 

3 

Silver 

18-8 „ 

Invar (64Fe, 36Ni) 

0-9 

Zinc 

26-3 „ 

Quartz (fused) 

0-5 


The International Prototype Metre, made of an alloy of 90% 
Pt and 10% Ir, has a coefficient of expansion of 8'7 X lO"** per 
°C. The Imperial Standard Yard, made of 32 parts of copper, 
2 parts of zinc and 5 parts of tin, has a coefficient of 17'7 X 10~® 
per °C. 

96. Coefficient o£ Surface and Volume Expansion 

When the length of a body changes witli temperature, the area 
of its surface as well as its volume undergoes changes. 

The coefficient of superficial expansion is the change in area 
per unit area per degree rise of temperature. If /{?, and 8^ arc 
the areas of any portion of the surface of a body at temperatures 
and respectively, then the coefficient of superficial expansion 


The coefficient of cubical expansion is the change in volume 
per unit volume per degree rise of temperature. If Vt and F, are 
the volumes of a body at temperatures and t^ respectively, 
then the coefficient of cubical (or volume) expansion 

F,-F, 

Like the coefficient of linear expansion, these coefficients also 
depend on the temperature scale only and are expressed in 
per °C or per °F as unit. 

Relation between <, and y : 

Consider a square of sides I cm. Let it be heated through 
VC. Each side becomes l{l+ <) cm and the area 1^(1 +j8) sq. cm 
l^l+P)=l^{l+ kT or l+^=l+2o<-}-c<* or j8=2 »< 
(c< “ being neglected). 
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If a cube of sides I cm. be heated through 1®C, the sides become 
i (1 + «<) cm. and the volume is changed to (1 +y) c.c. 

lHl+y)==P{l + o<)3 or, l+y=H.3 c<-i-3o<*+<<3or, y=3o< 
(c<“, o<3 being neglected) 

[Since < is very small, o<®, 3 are smaller still. For example, 

if »< is 00001, then 0000000001 and .<3 = 000000000000001. 

We are, therefore, justified in neglecting << ® and << 3 compared 
with c<.] 

97. Practical Effects of Expansion of Solids 

A. Expansion of solids serving a useful purpose : 

(i) Metal tyres of cart wheels arc fitted on when hot. On 
cooling they contract and attach rigidly' to the wliecls. Locomotive 
wheels made of iron are fitted with steel tyres in tlie same way. 

(ii) Steel plates of boilers, ships 
or bridges are held togetlier by rivets. 

Hi vets arc fixed while hot. On cooling [ 
they contract and make a very firm 
joint (Fig. 90). 

(iii) Walls which have bulged Fig. 90 

outwards may bo drawm in by passing iron bars througji them 
across the building. To the extremities of the bars arc attached 
iron plates screwed upto the walls with nuts. Tlic bars arc heated 
and the nuts and plates screwed up tightly against the w'all. 
When the bars contract they draw the \valls Avith them. 

(iv) Glass stoppers often stick to bottles too tightly to be 
opened by ordinary means. Careful lieating of the mouth of the 
bottle enlarges it, w-hen the stopper comes out easily. If a metal 
cap sticks, the cap itself is heateil. 

B. Disadvaniageous expansions and their remedy : 

Expansion of solids more often cause inconvenience and calls 

for suitable remedies, 

(i) The rails on a railway expand on a hot day and contract 
at night. The extremes of temperature ma»' be fairly large. To 

alloAV for uhc expansion and 
contraction of the rails a small 
gap is always left between the 
ends of adjacent rails. The 
arrangement is shoAvn in 
fig. 91. The rails are joined by 
fish plates bolted to the rails. 
Bolt holes are oval in shape 
and allow the rails to move in 




Fig. 91 

the direction of their length. 
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In tramways however it is the common practice to weld 
rails together in order that the resistance to the flow of ele(5tric 
current through the rails to the earth may be the least. The 
rails are imbedded in the road and surrounded by granite blocks 
and concrete. This gives tlie rails much protection against 
temperature changes. The rails of a railway are fully exposed. 

(ii) The ends of a big steel bridge are not rigidly built into the 
brick work on which they rest. They are supported on rollers 
which allow them to expand or contract without damaging the 
masonry (Fig. 92). 



Fig. 92 

(iii) When hot water is poured in a glass vessel witli thick walls, 
the vessel is likely to crack. The inner wall tends to expand; 
but as glass is a bad conductor of heat the outer wall remains 
cooler and does not expand. This sets up large stresses in the 
glass, which cracks. The risk is less when the wall is thin or 
when the glass has a small coefficient of expansion. The linear 
coefficient for ordinary glass is about 9x10“® per °C. Pyrex 
glass has a coefficient of 3 Xl0“® per '’6'. It can be heated in a 
flame without cracking. Fused silica (quartz) has such a small 
coefficient that a crucible made of it can be heated red hot in a 
furnace and chilled in water without cracking. 

Unequal expansion of glass and many metals makes it im¬ 
possible to seal a metal wire such as copper or iron into a glass 
bulb. Platinum and some alloys have very nearly the same 
expansion as glass, and are used for sealing. In modem electric 
lamps the leads which pass through the glass stem are made of an 
alloy of nickel and iron coated with copper. This alloy expands 
equally with the glass. 

(iv) To allow for the expansion and contraction of steam pipes 
they are provided with expansion bends or loops as shown in 
fig. 93. When the pipe expands or contracts the shape of the 
loop changes slightly. The pipes carrying oil through deserts 
are also fitted with such bends and loops to allow for theii* 
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cxpaiision and contraction. They may also be laid in zig-zag 
fashion loosely on supports. 

(v) A telegraph, telephone or a 

power line i.s fixed between poles 
in such a way as to allow for its 
expansion and contraction. 

(vi) The time period of a pendu¬ 

lum depends on its length. Since 
the length increases in summer, 
the time period also increases and 
the clock goes ‘slow*. The reverse 
takes place in winter. AiTangement 
must be made in order that a 
clock or a watch may keep correct 
time in all seasons. Such clocks 
or watches are called ‘compensat¬ 
ed’. The clfeotive lengtli of a 
pendulum is the distance between 
the point of suspension and tJie irjg, 93 

centre of gravity of the suspended system. If this 
length remains constant the pendulum keeps cor¬ 
rect time. The pendulum bob is mounted on rods 
of two different materials in such a way that the 
doAvnwar<i expansion of one rod is equal to 
upward expansion of the other. This is diagrara- 
matically sliown in Fig. 94. Let I and I' be the 
lengths of the rod and and c<' their co¬ 
efficients of linear expansion. Their expansions 
for 1° rise of temperature are I c<.t downwards 

Fig. 94 and I' c <'t upwards. The distance of the centre 

of gravity of the pendulum from the point of suspension will 
remain unchanged ii I <<t —I' «< 

or, 

The coetficients of iron and zinc are -OOOOl and -000028 per °C 
respectively. Hence zinc rods used for compensating iron rods 
will have loss than half the lengtli of the latter. The clock 
‘Big Ben’ on the Parliament House in London uses zinc for 
compensation. Its pendulum is as shown in the Fig. 96. 
Smaller clocks may have the pendulum rod made of ‘invar’, 
an alloy of 64% iron and 36% nickel. It has an expansion 
coefficient of -9x10"® per °C (about 1/13 that of iron). The 
very small expansion of the invar rod is compensated by a 
brass tube (Fig. 96). 
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'STEEL 

TUBE 


INVAR ROD 
‘OQ RM. 


Compensated balance wheels of watches. In watches the move- 
of the ha id 5 is coutrolled by balance wheels which 
execute rotational oscillations under the 
influence of a steel hair-spring. The time 
of oscillation depends on 
tlie effective distance of 
^ the. rim of the wheel 

^ from the axis of rotation. 

■5 

^ The rim is made of two 

--STEELROD metals, the outer being 
I, — ZINC more expansible. This -invar rod 

nm tube 1 ki • • J • .1 -OQRM. 

^ double run is made in two 

? _ouTER three parts (Fig. 97) 

^ Tull** suiiported by an 

^ arm of the wheel. The 

I rim also carries small 

g screw' w'eights. When the 

I temjieratlire rises the arm 

^ expands, but the outer 

^ I ^ rim of more expansible 

^ metal curls in and brings /Vs\^ vVv^ 

\V ^ w the weights near to the I i 

^ i ^ fhus keeping the 

"^Wnut efiiectivc radius of the 

Fig. 9.") T'iTig constant. With -adjusting nut 

change of temperature the stiffness of +he 

hair-spring changes and alters tlic time-period. The rim is 

arranged to compensate for this effect also. 

Strips made of two different metals riveted together curl when 


BRASS TUBE 
’^/la RM. 


Fig. O.") 



Fig. 98 

temperature changes. Such bimetallic strips may be used as 
thermometers. The method of use is illustrated in fig. 98. 
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The action of one type of fire alarms depends on the bending 
of bimetallic strips on heating. When the heat of the fire causes 
the strip to curl, it closes an electric circuit which ring.sthe alarm. 
Such fire-alarms may bo installed in ware-houses, in holds of 
ships or in other places where a fire may break out witliout being 
quickly discovered. 


Exercises 

1. Dofiue .coefficient of linear expansion. What is the unit 
in which it has to bti expressed ? How does its value change if 
the temperature scale is changed from centigrade to Fahrenheit 1 

2. Show how the coefficient of volume expansion is related to 
that of linear expansion. 

3. Give three examples where expansion on heating is made 
to serve a useful purpose. 

4. Give three examples where (expansion on lieating causes 
inconvenience, and say how' it is remedied. 

How' can pendulums be constructed to have an invariable 
length ? 

5. An aluminium bar is 8 ft. long at 35 'C, To what temperature 

must it be heatetl to expand by 04 in. < for aluminium — 
•000026 per “G (Ans : 51^0). 

' 6. Find the temperature to which a zinc rod 50 cm. long at 
59”F must be heated in c>rder that its length may be 50 05 cm. 
«< for zinc—-000025 per °C (Ans : 131°^) 

* 7. o< for steel is 000012 per '’C. What is its value in 1 

If the length of a steel rail laid at 80°F is 5 j'ds., what interval 
miist be left betw'ecn the rails to allow foi a rise in temperature 
to 112°J’. (Ans : 0 0384 in.) 

“8. The .span of a steel bridge is 1250 ft. Assuming «< = 
•000012 per °C, calculate the change in length of a span when the 
temperature changes from 30°C‘ to 40°G : -15 ft.) 

• 9. A 15 ft. long girder increases by 0324 in. when temperature 

changes from 40°G to55°G. Find the coefficient of linear expan¬ 
sion of the material of the girder. (Ans : .000015 per °C). 

*10. The diameter of a sphere at 35‘’G is 1 in. Find the tempera¬ 
ture to which it should be raised so that it will just fail to pass 
through a circular hole of diameter 1-001 in. Coefficient of 
cubical expansion of the material of the sphere is -000076 per °G. 

(Ans: 75^ C). 
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11. A brass metre scale is correct at 30°C. The length of a table 
measured by it at So'^C is 40cm. What is the true length ? «< for 
brass is *00002 per °C (Am: 40*02 cm.). 

12f A wlieel has a diameter of 75 cm. A steel tyro of inner 
diameter 74*8 cm. is to be fitted on it. Calculate the range of 
temperature in degrees centigrade through which the tyre must 
be heated so that it may be mounted on the wheel. «< for steel 
is *000012 per °C. (Am : 222*8°C) 

13. Two bars of brass and steel, standing side by side, have one 
end of each rigidly attached to the other. The other ends arc 
free to expand. The steel bar is 1 metre long. What should be 
the length of the brass bar so that the distance between the free 
ends of the bars remains the same at all temperatures ? «< for 
brass is *00002 per ®(7, and << for steel is *000012 per °C. 

(Am : 60 cm.). 
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EXPANSION OF LIQUIDS 

98. Beal and Apparent Expansion of a Liquid 

A liquid has no shape of its own; it readily takes the shape 
of the container. We cannot therefore speak of the linear or 
superficial expansion of a liquid. Liquids have volume expan¬ 
sion only. 

When a liquid is heated the container is also heated along 
with it and expands. The expansion of the vessel masks the 
expansion of the liquid and makes the latter appear smaller than 
its real value. In other words, the apparent expansion of a liquid 
(i.e., the expansion of a liquid that we observe) is less than its 
real expansion. 

To show the expansion of a liquid and that of the containing vessel : 
The expansion of tlic container may be 
demonstrated as follows. Take a litre flask 
filled with coloured water. Fit to it a cork 
through which passes a glass tube with a 
narrow bore (Pig. 99). By pushing in the 
tube or pulling it out as necessary, the 
level of water in the tube may be made 
to stand at any desired height (say at 
A). Put a mark there. If now the flask 
is suddenly immersed in hot water, the 
level of w'ater in the tube sinks at first. 

The reason for it is that the flask has Fig. 99 

expanded due to heat, but no heat has yet entered the liquid. 
As the liquid heats up with time the water in the tube rises and 
moves past the former mark A. 

Relation between real and apparent expansion. In Fig. 99 
let A be the initial level of water in the tube at a temperature tf, 
B the position which the level would occupy if the vessel alone 
expanded to temperature without any expansion of the liquid 
and C the final position of the level when the liquid is also at 
The apparent expansion of the liquid is .4(7 while its true ex¬ 
pansion is BC ; 4J5 is the expansion in volume of the vessel, 
all for the same rise of temperature from to 
Prom the figure BC — AC+AB 

or the true expansion — the apparent expansion 

-f- the expansion of the vessel 
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Coefficient of real and apparent expansion. From the above it 
is clear that in the case of liquids wc sliall have two coefficients to 
consider, viz., (i) the coefficient of real (or absolute) expamion, 
which is defined as the true increase in volume per unit volume 
per unit rise of temperature, and (ii) the coefficient of apparent 
expansion, which is the observed increase in volume per unit 
volume per unit rise of temperature (measured in a vessel the 
expansion of wdiieh is disregarded). 

If F,= volume of a mass of liquid at t°C, 

volume of tjie same mass of liquid at 
then the mean coeffieient y betw'cen and is defined by the 
relation 


or 



Fl (#2- tj) 


Approximate relation between real and apparent 
coefficients of expansion 

We know 

real expansion =appare7it expansionexpansion of the vessel. 
If the original volume is F, and the rise in temperature t°C, 
then dividing the above relation tliroughout by F,<, we get 
coefficient of real expansion (y,)— coefficient of apparent ex¬ 
pansion {yJ+ coefficient of volume expansion of the vessel (y?) 

or yr=ya+yji 

The following table provides tko values of mean y, of some 
liquids . over a range around 18°<7 unless otherwise specified. 
The values are per °C. 


Substance 

■BSH 

Substance 

yr 

Water ( 5® to lO^C) 

5-3x10-5 

Mercury 

• 18-2x10-5 

1 

„ (10‘’to20°t7)il5 0xl0-5 i 

Glycerine 

53x10-5 

„ (20“ to 40°(7) j 

30-2xl0-'5 

Benzene 

124x10-5 

„ (40“ to eO'^O) * 

45-8x10-5 

Sulphuric acid 


(60°to80°C') 

58-7x10-5 

(pure) 

57x10-5 

CShloroform 

126 Xl0“5 

Olive oil 

70x10-5 

Pentane 

159 XlO-5 

Alcohol (Ethyl) 

110x10-5 

Ether 

163 xlO-5 

Turpentine 

94x10-9 


99. Change of Density of a Lianid on Heating 

Though expansion of tfie vessel masks expansion of the liquid, 
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it cannot affect the change in density that a liquid undergoes 
with rise in temperature. The coefficient of real expansion 
bears a simple relation to the change in density and may be deter¬ 
mined from observations on the latter. 

Let Vq — volume of a given mass mof a liquid at the lower 
temperature, 

V — its true volume at a temperature t°C higher than 
the colder temperature, 

— density of tlic liquid at the lower temperature, 
p -- its density at tlie higher temperature, 
and y — the mean coejflcient of real expansion bctw'cen 
the two temperatures. 


Then p^ 


m 


m 


so 


or 


m 


VAl+yt) 


and V — F„(l-{ yO ; 
m 1 

I ’ 


P - 

^ 1 fyf 


When yt is small enough we may WTite 
/>=po(i-i'yO''=/’o(i-yO 


100. Anomalous Expansion of Water 

A liquid expands when heated ; but water at 0°C is an ex¬ 
ception. When heated from 0°C water contracts as the temperature 
rises. This continues to about 4^0. above which point a rise in 
temperature causes expansion. Water, thei-cfore, has maximum 
density at about An exact knowledge of the temperature is 
important, since the litre has been defined us the volume of one 
kilogram of water at its maximum density. 

The anomalous expansion of water may bo 
demonstrated by means of a simple experi ment. 

Pig. 100 represents a glass vessel witli a tube 
of narrow bore fitted to it. The tube carries a 
scale. The vessel contains mercury which occupies 
one-seventh part of the volume of the vessel. 

The rest is filled with Avater, whicli rises to a 
distance in the tube. 

Since the cubical expansion of mercury is 
seven times that of glass, the inner volume of the 
vessel (not occupied by mercury) will not change 
when the vessel is heated. It is kept in melting ice 
for some time, when it acquires the temperature 



Fig. 100 
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0°C. The position of the water column in the tube is noted. 
If the vessel is now slowly lieated it will be found that the water 

column descends at first, showing 
that water at 0®(7 contracts on 
heating. This goes on till i°G is 
reached. Beyond that temperature 
the column ascends, 

Hope's experiment. Tl>.e anomalous 
expansion of water may be 
demonstrated and the temperature 
at which the density of water is 
maximum may be determined by a 
simide experiment due to Hope. 
A tall glass vessel AB (Fig. 101) 
full of water has a freezing bath 
Fig. 101 0 of ice and salt round about its 

middle. Two thermometers and T,, are fitted into AB 
near about the top and the bottom. Their readings are noted 
before the freezing mixture is applied. As the freezing mixture 
cools the water in its neighbourhood, the water becomes 
cooler and denser and sinks to the bottom. The temperature 
recorded by the lower thermometer gradually falls until it 
reaches about iTC. By this time the upper thermometer T, 
has shown practically no change. While the reading of 
remains steady at 4°C'. that of T, begins to bill slowly at first. 



and then more rapidly until G^G 
is reached. This shows that water 
is densest at about 4°G. Careful 
measurements show that the tem¬ 
perature at which the density of 
water is maximum is 3'98°C. The 
manner in which the two ther¬ 
mometers change with time after 



the freezing mixture has been Fig. 102 

applied, is represented in Fig. 102. 


Some consequences of the anomalous expansion of water. 

As water cools below 4°(7 it expands and becomes lighter. When 
ponds, lakes, rivers and seas in very cold countries freeze in 
winter, marine life is saved from extinction by the anomalous 
expansion of water. Figures 103 and 104 show how it is possible 
for fish and other aquatic animals to live in a lake when the 
temperature outside is 0®(? or less, As atmospheric temperature 
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comes down the upper layers of the lake cool, contract and sink 
to the bottom (Fig. 103). This goes on until the whole of the lake 



acquires the temperature of 4°0. Wlien the top layers cool fur¬ 
ther, the cooler water does not sink as it is lighter than the water 
below. With further cooling the top layers gradually freeze 
(Fig. 104). Both ice and water are bad conductors of heat. So 



the lower layers are protected to a great extent against freezing 
by the upper layers of ice and cold water. The result is that 
water continues to exist at the bottom though a thickness of ice 
may have formed at the top. This enables marine life to continue. 

Exercises 

1. Distinguish between absolute and apparent expansions of 
a liquid, and find the relation between the corresponding co¬ 
efficients. 

2. How does the density of a liquid change with temperature 1 
What is the peculiarity in the behaviour of water in this respect ? 

3. How would you show that water at 0°G expands on heating 
and that water has its maximum density at 4°(7 ? 

9 









130 


HBAT 


What is the consequence of this anomalous behaviour of water 
on marine life ? 

^"4. A mercury in glass thermometer has a bulb Ic.c. incapacity. 
It is desired to make each centigrade degree on the scale 6 mm 
long. Calculate the cross sectional area of the capillary tube. 
The coefficient of apparent expansion of mercury in glass is 
•00016 per ®(7 {Ana : -0032 sq. cm) 

What should be the volume of mercury to be put in a glass 
flask of capacity 720 c.c. so that the volume above the mercury 
remains the same at all temperatures. The coefficient of real 
expansion of mercury is '00018 per °C7and the coefficient of cubical 
expansion of glass is -000025 per ®(7 {Am : 100 c.c.). 



CHAPTER 13 


EXPANSION OF GASES 

101. Gases expand much more than solids or liquids for a 
given rise of temperature. Moreover a gas expands when its 
pressure is reduced. In determining the effect of temperature 
on the volume of a given mass of gas, it is therefore necessary 
to keep the pressure of the gas constant. Such a restriction is 
not necessary for solids or liquids, as a change of pressure causes 
but an inappreciable change of volume in tlrem. 

In discussing the expansion of gases it should be remembered 
that the volume V of a given mass of a gas depends both on its tem¬ 
perature t and pressure P. When tlie temperature is constant the 
relation between V and P is given by Boyle’s law (§50). 

To show that a gas expands when heated. 

Fit up a round bottomed flask with a 
rubber cork through which one end of 
a narrow glass tube projects a little 
into the flask. Invert the flask and 
introduce the other end into a beaker of 
water as in Fig. 105. On gently heating 
the flask with a flame, air bubbles will be 
seen to come out. The flame heats up 
the air inside the flask causing expansion 
of air within the flask, which escapes 
in the form of bubbles. On allowing the 
flask to cool the air contracts and some 
water is sucked up into the tube. 

lOS. Charles' Law 

The relation between volume and temperature wiien the 
pressure is kept constant is known as Charles’ Law. The 
coefficient (e< of increase in volume at constant pressure, is 
defined as the fraction of the volume at 0°C by which the volume 
of a given mass of gas increases for a rise in temperature 
of VC, the pressure remaining constant. If Fo= volume of a 
fixed mass of gas at 0°C, and V = its volume at t°C, 

V~ V 

then , 

which gives V =; Fo(l +•</Jt). 

Charles showed t^at the coeffioient of increase in volume of aU 



Fig. 105 
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gases at constant ‘pressure is the same. This statement is referred 
to as Charles’ or Gay-Lussac’s law. 

According to Regnault, who measured the coefficient accu¬ 
rately, 

per °C or -00366 per °C. 

AH 


In the light of Regnault’s value for <<p Charles' law may be 
restated as follows : 

For a fixed mass of any gas heated at constant pressure the 


volume increases by 2^3 volume at 0°C7 for each centigrade 


degree rise in temperature. 


103. The Absolute Scale of Temperature 

Since for a gas per °0, its volume F, at any temperature 

m 

t'^C is given by 

'+^3) 

Thus the volume at r(7 is F,= Fo ( 1 

the volume at — SO^G is V.^o— 1 — 

remains the same whatever the temperature, then at a 
temperature of — 273®G, 

At a temperature below—273‘’G the volume would be negative. 
Since we cannot conceive of a negative volume, temperatures 
lower than—273"G have no sense to us. We therefore take the 
temperature at which the calculated volume of a gas becomes 
zero, to be the lowest temperature possible and call this tempera¬ 
ture the absolute zero. Any scale of temperature measured from 
the absolute zero is called an absolute scale of temperature. On 
the centigrade scale, the absolute zero will betaken as — 273®G. 

The absolute scale of temperature in which there are 100 
^degrees between the ice point (0®G) and the steam point (100°G), 
i.e., the absolute scale in which each degree interval is equal to 
a degree interval on the centigrade scale, is called the absolute 
centigrade scale. The readings on this scale are indicated as 
degrees Kdvin, or in symbols, °K. It should be noted that 
a dtttereuce of temperature of VK 

^a diflereaoe of temporature of 1*^0 


30 

273 


) 


etc. 
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Since absolute zero on the centigrade scale is —273®0, the ice 
point on the absolute centigrade scale is and any tem¬ 

perature t°G is (273+i)°^i i-e. 

t°G^{2n+tyK 

104. Another form of Charles* Law 

From Charles’ law, we have for a given mass of gas at constant 
pressure, 

where V is the volume of the given mass at t°C and Vq, that at O^C. 
Now rC'=(H-273)‘’iS:==2’°X (say), 
while 0’^G=^2irK=^lVK (say). 

From Eq. 1041, 

V V 

or — °- 

T ■ (104-2) 

Since F^ has a fixed value for tlie given mass, and is a constant, 
y 

is also constant. We can therefore say that for a given mass 

of gas VjT is a constant, i.e., at constant pressure, the volume 
of a given mass of gas is directly proportional to its absolute 
tempercUure. This assertion may also be taken as the statement 
of Charles’ Law. In symbols, F oc T when P is constant. 

106. The Ideal Gas Equation 

A gas which obeys Boyle’s Law and Charles’ law strictly is 
called a perfect or ideal gas. Permanent gases (such as hydrogen, 
helium, oxygen and nitrogen) obey the laws with sufficient 
accuracy to be treated as perfect gases. 

Lot the pressure, volume and absolute temperature of a given 
mass of gas be F, and T,. 

(i) Keeping the pressure Pj constant, let the absolute tempera¬ 

ture be changed to T^, and the new volume to V\ According 
to Charles’ law F' = F, TJT, 

(ii) Keeping the temperature constant, let the pressure be 
changed to P^. Then, according to Boyle’s law, the new volume 
F, is such that 

p y —p 

•* a ' a — * t’ — P' * 

or a constant (106*1) 

1 I i a 

This is the ideal gas equation. 
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If the volume remains constant, it follows that 

a constant, (106'2) 

-I I J 2 

i.e., ih^ pressure of a gas at constant volume is directly proportional 
to its absolute temperature. 


106. Increase of Pressure with Rise of Temperature 
at Constant Volume 


Equation 105'2 show's that when a given mass of gas at constant 
volume is heated, its pressure increases. Experiment shows that 
at constant volume the pressure of a given mass of gas increases by 
a constant fraction of its pressure at for each degree centigrade 
rise of temperature. This fraction is called the pressure coefficient 
(«<») of the gas at constant volume. 

If Po=pres8ure of a given mass of gas at 
P== pressure at temperature t°G, 


P—P 

then the fractional increase of pressure^— —and the frac 


tional increase of pressure per °C rise of temperature {i.e., << v) 

P-Po 

"" Pot 


or P=Po(l+ot»0 

It is further found from experiment that » is approximately 
equal to per for practically all gases. 


Exercises 

1. State Charles’ law and show how it gives rise to the idea of 
an absolute zero of temperature. What is an absolute scale of 
temperature ? 

\2.(a) A certain mass of gas is at 40°C. Calculate the tempera¬ 
ture at which the volume will be doubled, pressure remaining 
the same. 

(b) In the above example, if the volume is kept constant, what 
will be the temperature if the pressure increases to three times its 
initial value? {Ans : 353"C ; 

3. Write down the ideal gas equation and clearly state the 
meaning of each symbol. 

./4. (a) A gas occupies 50 c.c. at 67®C7 and pressure 70 cm. of 
mercury. If the volume becomes 40 c.c. at 17°<7, what is the new 
pressure ? 
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(b) A gas occupies 126 c.c. at 60°0 and 75 cm of mercury. If 
the pressure be increased to 80 cm at temperature 30®C7, what is 
the new volume ? (Ans : 74-6 cm of mercury ; 106'6 c.c.) 

6. A thin glass bulb is sealed at 27®<7, the inside pressure being 
1 atmosphere. The maximum internal pressure the bulb can 
withstand is 96 cm of mercury. At what temperature will the 
bulb burst ? (Ans : 102*0.) 

6. A balloon is filled with 610 eft of air and closed at 32*0. 
Diuing the night the temperature falls to 25*0. Calculate the 
extra volume of air the balloon can now accommodate. 

(Ans : 14 eft) 

7. A bicycle tyre contains air at a pressure of 2 atmospheres at 
30*0. If the temperature rises to 40*0, what should be the pres¬ 
sure of air in the tyre, the volume remaining constant. 

(Ans : 2*07 atmos.) 

8. At constant pressure 1 litre of a certain gas expands by 

128 c.c. when heated from 0*0 to 36*0. Calculate from these data 
the value of the absolute zero. (Ans : —273*0.) 



CHAPTER 14 


CALORIMETRY 

107. Heat is a Measurable Quantity 

In this chapter we shall consider how to measure heat and a 
few other thermal quantities. Such measurements- form the 
subject matter of calorimetry. 

Units of heat. Before we can measure u^quantity it is neces¬ 
sary to fix upon a unit in terms of which it can be measured, 
^he unit of heat is defined as the quantity of heat required to 
raise the temperature of unit mass of water by unity. This has 
given rise to three different units, viz., 

(i) the calorie, which is the unit of heat in the e.g.s. system. 
It is the quantity of heat required to raise the temperature 
of one gram of water one degree centigrade. 

(ii) the British Thermal unit (abbreviated B.Th. U.), which 
is the unit of heat in the f.p.s. system. It is defined as the 
heat required to raise the temperature of one pound of water 
one degree Fahrenheit. 

A commercial unit of heat is the therm. 

1 Therm=100,000 B.Th.U. 

(iii) the pound-degree-centigrade unit (abbreviated lb. °C), 
which raises the temperature of one pound of water \°C. 

It is clear from the definitions that the heat required to raise 
m grams of water through t^O la mxt calories, while H caloi'ies 
will raise the temperature of m grams of water by Hjm °C. We 
are thus led to the following relations between the units ; 

I B.Th.U=l lb xl “^=463 6 gmx|°0=262 calories, 

1 lb =1 lb X1 “C =453-6 gm X1 '’C=453-6 calories. 

108. Specific Heat 

There are two definitions of specific heat in general use. 

(i) The specific heat is the quantity of heat required to raise 
the temperature of unit mass of a substance by one degree. In 

. the o.g.s. system, the specific heat of a substance is the heat in calories 
required to raise the temperature of 1 gm of the substance through 
l°C. According to this definition the unit is calories per gm per 
Similarly, in the fps system the unit is B.Th.U. per lb per °F. 

(ii) .. Specific heat is alternatively defined as the ratio of the heat 
required to raise the temperature of a given mass of the substance 
through any range to the heat required to raise the temperature 
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of an equal mass of water through the same range. Or, to be more 
precise, 


Specific heat = 


heat to r aise tlie temp, of unit m ass of substance by unity 
heat to raise the temp, of unit mass of water by unity 


As the ratio of two similar quantities is a pure number, specific 
heat, according to this definition, is a pure number. In the e.g.s. 
system the denominator is evidently 1 calorie. Thus if s be the 
specific heat of a substance, 

the heat required to raise 1 gm. of the substance by I'^G 

—a X1 caloric ~s calories. 

Similarly in the f.p.s. .system, it is s B.Th.U. of heat. 

We shall generally use e.g.s. units. From both definitions of 
specific heat it follows that if she the specific heat of a substance, 
heat required to change the temp, oi 1 gm of a substance b> 

l^C=s calories', 

heat required to change the temp, of m gm of a substance by 

VC~ms calories ; 

heat (H) required to change the temp, of m gm of a sub.stance by 

I'C—mst calories. 


In symbols, H—mst (1081) 

Heat gained—mass x specific heat x temperature rise 
Heat lost =mass x specific heat x temperature fall. 


Table. Specific heats. 

(in calories per gram per °C) 


Substance 

Sp. heat 

Substance 

Sp. heat 

Substance 

Sp. heat 

Aluminium 

•210 

Nickel 

•100 

Glass 

•12-19 

Copjjer 

•091 

Platinum 

•032 

Ice 

•502 

Gold 

•030 

Silver 

•056 

Marble 

•22 

Iron 

•105 

Tin 

•054 

Castor oil 

•508 

Load 

•030 

Zinc 

•092 

Olive oil 

•47 

Mercury 

•033 

Bras.*! 

•088 

Turpen¬ 

tine 

•42 


109. Thermal Capacity and Water->Eqoivalent 
The thermal capacity of a body is defined as the heat required to 
raise th^ temperature of the body by PO. If m be the mass of the 
body in grams and s the .specific heat of its matei'ial (in cal/gra°C’) 
it requires H=mst calories for a rise of t°C. Then its thermal 
capacity (7=heat required for VC rise of temperature = Hjt— 
ms. In symbols, 

C=7ns oal/°C7 (109'1) 

It is clear that the specific heat of a sub.stance is its thermal 
capacity per unit mass. 
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The water equivalent of a body is defined as the mass of vmter in 
grams which will be heated through 1 '’C' by the heat that raises the 
temperature of the body itself by 1°C. If m is the mass of the body 
in grams and s its specific heat, the body requires ms calories 
in order that it may be heated by 1 °G. Since 1 calorie heats 
1 gm of water by 1 °C, ms calories will heat ms grams of water 
by l°C. Therefore, the water equivalent W of the body is ms 
grams, or in symbols, 

W—msgm (1092) 

From equations 109'I and 109*2 it is clear that the numerical 
values of the thermal capacity and the water equivalent of a body 
are the same, but they are expressed in different units. 

When tlie water equivalent IF of a body is known, it follows 
from the definition of this quantity that the heat H which the 
body requires for a rise of temperature of t°G is 

H=^Wt 


110. The Fundamental Principle of Calorimetry 

In most experiments on calorimetry bodies 
at different temperatures are brought into 
close contact inside a calorimeter. It is a 
cylindrical copper vessel (Fig. 106) containing 
a liquid and a stirrer for stirring the liquid. 
Heat flows from the hotter to the colder bodies 
until all of them acquire a common tempera¬ 
ture. The method is known as the method of 
mixtures. 

Let us assume that no heat enters or leaves 
the calorimeter after the bodies have been brought into contact 
and that no chemical action takes place between the bodies. 
Then, from the principle of conservation of energy, we may 
say that, 

Heatlostby the warmer bodies=heat gained by the colder bodies. 

This is the fundamental principle of calorimetry. 

The assumption that no heat enters or leaves the calorimeter 
must be fulfilled in calorimetric experiments. The calorimeter 
must be designed in such a way as to eliminate loss or gain of 
heat by conduction, convection and radiation. Precautions such as 
prolonged heating of the solid so that it may attain a steady 
temperature, quick transference of the hot body to the calori¬ 
meter, continuous stirring of the liquid and screening of the 
calorimeter from other sources of heat, must bo taken. 

Water is not suitable as a calorimetric liquid. Its specific heat 







Fig.106 
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is much higher than that of any other liquid. So the rise in tem¬ 
perature of water for a given supply of heat will be much less than 
that of other liquids. The accuracy with which a temperature 
difference can be measured diminishes as this difference itself 
becomes smaller. Therefore, with water as the calorimetric liquid 
the result is likely to be less accurate than if some other liquid, 
such as an oil, were used. 

111. Some Calorimetric Measuremente 

Experiment 29. Determination of the specific heat of a solid. The 

body whose specific heat is to be determined is first of all weighed 
in air. It is then hung inside a steam cham¬ 
ber or heater as in fig. 107. The heater is 
a double-w'alled cylindrif'al chamber in which 
steam is admitted into the space betw'cen 
the walls. A thermometer records the tem¬ 
perature attained by the body. The bulb 
and the body must be close together and at 
tlie centre of the chamber. The lower eml of 
the inner cylinder may be closed by a lid. 

The outer cylinder is covered with felt to 
prevent loss of heat. 

Steam from a boiler enters the heater and 
heats the inner chamber. The temperature Fig. 107 

of the body rises and finally becomes steady at a value close 
to that of steam. Sufficient time should be allowed to enable 
the body to reach the steady temperature, whicli is recorded 
by the thermometer. 

A known quantity of water is taken in a calorimeter whose 
water equivalent is knowm. The temperature of the calorimeter 
and its contents is asoertaint'd. 

The body is then quickly transferred iiito the calorimeter 
and the water in it stirred continuously till the contents of the 
calorimeter reach a common temperature. This value, which is 
the maximum temperature recorded by the thermometer in con¬ 
tact with water, is noted. Let— 


the mass of the solid 

—m gm. 

its specific heat 

=s, 

mass of water in the calorimeter 

~m’ gm, 

water-equivalent of the calorimeter 

=lf gra, 

initial temperature of w^ater 


initial temperature of the hot body 


final common temperature 

=t°C. 
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Here the body loses heat while the calorimeter and its con¬ 
tents gain heat. 

Heat lost by the body =ins ; 

Heat gained by water =m' ; 

Heat gained by the calorimeter =W (t—t,); 

ms (t^--i)—(m' + W) (IH’l) 

From this equation s may be determined, since all other 
quantities are known. 

Note that the water equivalent W of the calorimeter may 
be calculated from its mass m, and the specific heat s, of the 
material of which it is composed. This mass includes that of 
the stirrer. 

Experiment 30. Determination o! a high temperature by a 
calorimeter. The experiment as described above serves to mea¬ 
sure the temperature of a furnace. A suitable piece of metal is 
heated in the furnace and dropped into the calorimeter. If the 
specific heat of the metal is known is the only unknown quanti¬ 
ty in equation IlTl. 

Experiment 31. Determination oi the specific heat of a liquid. A 

weighed quantity of the experimental liquid is taken in a calori¬ 
meter of known water equivalent. A solid of known specific heat 
is heated to a known temperature and dropped into the calori¬ 
meter. The final common temperature of the calorimeter and 
its contents is noted. The method is thus the same as for deter¬ 
mining the specific heat of a solid. 

Let the mass of the solid 
its specific neat 
the mass of the liquid 
its specific heat 

water equivalent of calorimeter 
initial temperature of the liquid 
final common temperature 
initial temperature of the solid 

Then, heat lost by the solid 
heat gained by the liquid 
heat gained by the calorimeter 

All quantities in the equation except s' are known. So s' may be 
calculated. 

Experiment 32. Determination of water-equivalent of a calori¬ 
meter. Weigh the clean, diy calorimeter. Pour some vater at 


=w» gm, 

=m' gm, 

—s', 

= W gm, 
=t°C, 

—ms 

=m's' (t—ti), 
= W {t-t,). 
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tho room temperature into it and weigh again. Note the tcmpcia- 
ture of this water. Add to it a nearly equal quantity of warm 
water of known temperature. Stir well and note the final common 
temperature. Weign again after the calorimeter has cooled to 
the room temperature. 

Let mass of the odd water gm, 

mass of warm water added =Wa gm, 

initial temperature of calorimeter and its contents 

temperature of warm water = t^°C, 

firal common temperatu c — t^C, 

water equivalent of calrrimeter = ICgm. 

Heat gained by calorimeter and cold \vater — (»w, 4 -TF) (f—f,) 

Heat lost by warm water = 

{m, \-W) (t -t,) (111.2) 

w'hence W may be determined. 

Though tne experiment is simple it is difficult to get an 
accurate result from it, ?»j and should bo neaily equal masses, 
and just enougn to fully cover the bulb of the thermomater, 
may be about 20''C' above The thermometer should read at 
least one-fifth of a degree. 

Even better results may be obtained by using an oil of known 
specific heat, 8, in place cf water. If m, and are the masses of 
the O'^ld and warm oil respectively these quantities should be 
multiplied by 8 in Eq. 111-2. 

112. Calorific Values of Fuels 

The number of calories of heat given out w'hen I gm of coal or 
any other combustible substance is burned is called its calorific 
value. The higher tho calorific value of a particular kind of coal, 
the higher tho price we ought to pay for it. As the heat produced 
varies considerably with the quality of the coal, samples are 
tested for their calorific values. A known mass is burned in a 
nickel crucible, the apparatus being so designed that the heat 
developed goes into the water contained in the surrounding 
vessel. ITrom the rise of temperature of this water and its mass, 
the heat produced may be calculated. The calorific value of an 
average priced coal is about 8000 cal/gm. The price paid for 
coal gas is also based on its calorific value. 

Calorific values of foodstuff are also determined in the same 
way. Foodstuffs are the fuel which the body burns to derive 
energy. 
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Exercises 

1. Define the calorie and the British Thermal Unit and express 
the latter in terms of the former. What is a therm ? 

2. Define specific heat and show that the heat lost or gained 
i>y a substance is equal to the product of its mass, specific heat 
and change in temperature. 

3 (a) What is the fundamental principle of calorimetry ? 

(b) Define thermal capacity and water equivalent. What 
are the units in which they are expressed ? 

4. Fill up the gaps in the following table : 



Mass 

Specific heal 

Change of 
temperature 

Heat 

(a) 

50 gra 

•09 

30°(7 to 90°C 

• •• 

(b) 

101b 

• •• 

100°Fto212"F 

1120B.Th.U. 

(c) 

100 gm 

•21 

40°C to ... 

1680 calorics 

(d) 

• •• 

•25 

20°F to 200°F 

226 B.Th.U. 

(e) 

20 kgm 

•4 

20'’C to 30°O 

«•« 


Arts: (a) 270calories, (b) 1, (o)120“(7, (d) 51b, (e)80,000cal. 

* 5. An iron ball weighing 50 gms was placed in a furnace for 

sometime and then quickly transferred to a calorimeter contain¬ 
ing 1 kgm of water at It raised the temperature of the 

calorimeter and its contents to 40°(7. The water equivalent of the 
calorimeter is 125 gm and the sp. heat of iron ’12. Calculate the 
temperature of the furnace. {Ans : 977'5 °C). 

• 6. A metal ball at 130®<7 and weighing 20 gm is dropped into 
a calorimeter (water equivalent 10 gm) containing 50 gra of 
a liquid (specific heat -5) at a temperature of 40®C)'. The final 
temperature is 50'’O. Calculate the specific heat of the metal. 

(Ana : 0-22). 

' 7. A calorimeter of water equivalent 25 gm contains 100 gm 
of an oil at 40°(7. A solid of specific heat -1, weighing 60 gm is 
heated to 120°U and quickly dropped into the calorimeter. The 
resulting temperature is 45°C7. Calculate the specific heat of 
the oil. (Ana : 0*5). 

8. A calorimeter contains 500 gm of water at 30®(7. 200 gm 
of .water at 90®(7 are poured into it. If the water equivalent of 
the calqnmeter be 10 gm what is the resulting temperature ? 

(4n|: 4«-9®C7). 
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9. 200 gm of an oil of sp. heat *42 are dropped at a tempera¬ 
ture of 60°0 into a calorimeter contai ning 36 gm of water at • 
2yG. The resulting common temperature is 30®(7. What is the 
water equivalent of the calorimeter ? If the mass of the calorimeter 
be 100 gm what is the specific heat of the material ? 

{Ans ; 10 gm ; 0-1) 

10. Which of the two following cases requires the greater 
quantity of heat ? 

(i) 500 gm of water heated from 35'’<7 to 95°(7. 

(ii) 4 lb of water heated from 100° to 212°J?’, 

(Ans : The second case). 

11. Calculate the cost of heating 1 ton of water from lOO®!* to 

its boiling point with gas costing 0-75 nP. per therm. 1.Therm= 
100,000 B.Th.U. (ilws ; Rs. 2 03). 

■ 12. A room contains 60litres of air (sp. heat -24) at 30°C weigh¬ 
ing 1‘3 gm/litre. How much heat is required to raise the tem¬ 
perature of the air to 40°(7 1 {Ans : 187 2 calories). 

• 13. When 1 lb of a certain fuel is burned, 10,000 B.Th.U. are 
evolved. What quantity of the fuel will be required to raise the 
temperature of 50 gallons of water (1 gallon weighs 10 lb) from 
112°jr to the boiling point ? {Ans : 6 lb). 

.14. On pouring 1 kgm of water at 90°U into a hot water 
bottle at 35°(7, the temperature of the water falls to 85°(7. 
Calculate the weight of the bottle. The specific heat of the material 
of the bottle is -2. {Ans : 600 gm). 

16. The calorific value of coal gas is 500 B.Th.U. per eft. 
What volume of the gas would be required to bring 10 lb of 
water at 92°JT to the boiling point, if the efiiciency of the heater 
is 40%. : 6 eft.). 

16. A can placed on a flame absorbs heat at the rate of 200 
calories per sec. How long will it take to rrise the temperature 
of 3 kgm of w'ater from 30°(7 to the boiling point assuming that 
the can alone absorbs 3000 calories of heat. 

{Ans : 17 min. 45 secs.) 



CHAPTER 15 

CHANGE OF STATE: SOLID TO LIQUID 

113. Melting and Freezing 

When a substance changes from the solid to the liquid state 
the process is called meUing. The reverse process, i.e., a trans¬ 
formation from the liquid to the solid state is called solidifica¬ 
tion, or freezing. 

The temperature at which molting takes place under a pressure 
of one standard atmosphere is called the nonnal melting point. 
Similarly, tlie temperature at which solidification takes place 
under a pressure of one standard atmosphere is called the tem¬ 
perature of solidification, or freezing point. 

For a pure crystalline substance these two temperatures are 
the same and a sharply defined one. Each substance has its own 
particular temperature at which it melts. The change from solid 
to liquid begins only when this temperature is reached. The 
substance remains at this temperature until the change is complete. 

Non-crystalline substances such as fat, wax, glass etc., pass 
through an intermediate viscous state before melting. They do 
not possess a fixed or sharply defined melting point. In some of 
these substances melting and freezing do not take place at the 
same temperature. Thus butter melts betw'een 28°C' and 33°(7 
but solidifies between 23°C and 20'^(7. Impure substances and 
mixtures do not as a rule have a sharp melting point. Melting 
point, therefore, is a test of purity. 

The following table gives the molting points of a few 
substances : 


Substance 

Melting point 

j Substance 

Melting point 

Brass 

800^(7 to 1000°C 

Paraffin—Hard 

52^0 to 

Carbon 

about 3500°C 

Soft 

38°0 to 52°C 

Copper 

mrc 

Platinum 

1755°C 

Gold 

1063°C 

Silver 

960°^ 

Iron (cast) 

llOO^’C to IZOO^C 

Sulphur 

115^(7 

Lead 


Tin 

232‘’C 

Mercury 

—39®C 

Tungsten 

3000®(7 (approx.) 

Naphthalene 

80°G 

Zinc 

418“C' 


Melting point is generally lowered by the presence of other 
substances. Plumber’s solder, which is an alloy of two parts by 
weight of lead and one part of tin, melts at ISO^C, though lead 
melts at 327°C? and tin at 232'’(7. 
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A fire-fighting and alarm device used in factories makes use of 
such low molting alloys. Water pipes are fixed to the ceiling, 
and at intervals nozzles filled with the alloy are fitted. K fire 
breaks out the alloy melts and water is sprayed into the room. 
Another part of the device rings a warning bell at the same time. 


114. Determination of Melting Point 

(a) Experiment 33. By the capillary tube method. To deter¬ 

mine the melting point of a substance like paraffin, melt some 
paraffin in a vessel and dip one end of ^ 

a capillary tube in it. Some liquid will be ^ 

drawn in. When the liquid solidifies, seal 
one end of the tube carefully. Fasten a 
thermometer to the capillary tube so 
that the bulb and the paraffin in the tube 
remain side by side. Place the combination 
vertically in a beaker full of water (Fig. 108). 

Slowly heat the water and stir it. Record 
the temperature when the paraffin melts. 

Then remove the flame, but continue stirring. 

Note the temperature when the paraffin I 

solidifies. The mean of the two tempera- _ I U_ 

tures gives the melting point. ^ I 

If the melting point of the solid be rr-rrl _ 

higher than 100°(7 the liquid in the beaker I ’' ZHIrr. 

should be such that its boiling point is higher ZH/J J 
than the melting point to be determined. EZjW 

Cotton-seed oil may be used upto a tempera- —“^Uj|EIrZIr 

ture of about 250'’C'. 

(b) Experiment 34. Graphical method. Melt ^ 

a quantity of the substance in a wide test Ftg. 108 

tube and insert the bulb of a thermometer in the liquid. Now 
al'ow the liquid to cool slowly and record the temperature at 
intervals of half a minute, till the whole mass appears to 

have solidified. It will be seen that the 
1 \ temperature remains constant during 

I \ solidification. If the time and tem- 

S__^ perature be now plotted on a graph 

I LIQUID IpRieznj^V general nature wiU be as 

•"L_ ! Isoti^ shown in fig. 109. The portion of 

TIKE -*■ curve parallel to the time axis and ’ 

Fig. 109 between the liquid and the solid states. 


Fig. 109 


10 




146 


HBAT 


indicates freezing and the corresponding temperature is the 
ireezing point (or melting point, if the substance is crystalline). 

115. Latent Heat and its Action 

When heat is supplied to a substance its temperature rises. 
It is supposed that its molecules vibrate with greater and greater 
amplitude as the temperature rises. The energy required for 
the larger vibrations comes from the heat supplied. This heat is 
sometimes called sensible heat. 

But the heat supplied to a solid during melting does not cause 
any rise in temperature. Where does then the energy go ? The 
energy supplied goes to loosen the mutual attraction between the 
molecules, thus converting the solid into the liquid state. This heat 
which has to be supplied to a solid at its melting point to bring 
about a change in state without change in temperature is called 
latent heat. The latent heat increases the potential energy of 
the liquid molecules, and is given out by the liquid when it 
freezes. 

Quantitatively, latent heat of fusion (or melting) is the amount 
of heat required to convert one gram of solid to liquid without 
any change of temperature. The same amount of heat will be 
given out by 1 gram of the liquid when it solidifies at its freezing 
point without change in temperature. 

Thus the statement that “Latent heat of ice is 80“ means 80 
calories of heat will be required to convert 1 gram of ice at 0®(7 
to 1 gram of water at 0°G and, conversely, 80 calories of heat 
will be given out by 1 gram of water at 0°C to be converted into 
1 gram of ice at 0®(7. 

Latent heat is expressed in heat units per unit of mass, 
i.e., in calories per gram or B.Th.Uper Vb. 

The following table shows the melting points and latent heats 
of a few substances ;— 


Substanca 

Melting point 
(in °G) 1 

Latent heat 
(in oal/gm) 

Acetic acid 

16-7 

43 

Ammonia 

-75 

108 

Benzene 

6-4 

30 

Glycerine 

18 

48 

Ice 

0 

80 

Lead 

327 

6 

Mercury 

-39 

3 

Sulphuric acid 

10-3 

24 

Tin 

232 

14 
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The latent heat of water may bo made to serve a useful purpose 
in preventing damage to meat, fruits and vegetables in storage. 
Extreme cold may freeze their sap or otherwise reduce their 
food value. To prevent such freezing a few buckets of water 
are kept in the store room. When the temperature of the room 
goes below 0°C the water in the buckets gradually freezes and 
gives out its latent heat. This raises the temperature of the 
room and it may not go flown far enough to freeze the sap. 

116. Determination of the Latent Heat of Ice 

Experiment 35. Take a clean tlry calorimeter with a wire gauze 
stirrer and weigh it empty. Fill it partly with water and weigh 
again. The difference gives the weight of w'atcr taken (w gm). 

Put a thermometer in it and record the initial temperature. 
Let it be 

Take one or two small pieces of ice and soak away all water 
from them by means of a piece of blotting paper. Holding the 
ice in the blotting paper, drop the former into the calorimeter. 
Stir the water keeping the ice below the stirrer. Note the lowest 
temperature reached. Let it be 

Wait till the calorimeter and its contents are again at the 
room temperature. Weigh them again. The excess in weight gives 
the amount of ice added. Let the mass of ice added be m' gm. 

Let W bo the water equivalent of the calorimeter, and L, the 
latent heat of ice per gram. 

Then, heat lost by the calorimeter =W {tx—t); 

heat lost by the water =m (^,—f); 

heat gained by ice on melting =m'L ; 
heat gained by water formed of ice ~m't. 

Since heat lost= heat gained 
we have (IF+wi) f)— 

. T (W+m) (tx-t) _ , 
m' 

Note : To guard against such a fall in temperature of the calo¬ 
rimeter as will deposit water from the atmosphere on its sides, 
only one or two small pieces of ice should be added. 

117. Change of Volume on Melting 

The volume of most solids increases on melting; but there 
are a few substances, viz., ice, oast iron and t 5 q)e metal, which 
show a decrease in volume on melting. This property of cast iron 
and type metal is taken advantage of in making castings of various 
designs from iron and in the manufacture of types for printing. 
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The fact that ice floats in water is of great consequence in 
keeping aquatic animals safe in the seas of the arctic regions or 
in waters which freeze in winter. 

In expanding on solidification water exerts a considerable 
force, which way be exhibited as follows : 

A flask made of iron is provided with a screw stopper. It is 
completely filled with water previously boiled to expel all 
dissolved air. The stopper is screwed down and the flask put in a 
freezing mixture for sometime. It will be found that the iron 
flask bursts as a result of the pressure exerted on it by the water 
during expansion on freezing. 

If however the air in the flask or the dissolved air in water is 
not fully expelled, the vessel may not burst. The increase in 
volume may in that case be accommodated by the diminution 
of the volume of air under increased pressure. 

In cold countries water pipes are sometimes found to burst 
in winter, hot water pipes bursting more often than cold water 
pipes. Hot water contains much less dissolved air than cold 
water. In cold water pipes the dissolved air is liberated on cool* 
ing and makes room for the increase of volume of water on 
solidification. 

Boulders which have retained some water in their cracks 
may fall into pieces when, in cold winter nights, the water in the 
cracks freezes and expands. 

118. Effect of Pressure on Melting Point 

Melting points of substances are slightly affected by pressure. 
Most liquids contract on cooling and this continues when they 
turn solid. In those cases, increase of pressure assists the change 
from liquid to solid. Such a liquid will therefore, freeze more 
easily, that is, at a higher temperature when under pressure. 
Liquids like water which expand on freezing, will freeze at a 
lower temperature when subjected to pressure. Here pressure 
hinders the change ; hence it becomes necessary to reach a lower 
temperature before freezing can take place. 

Begelation. The familiar phenomenon of fusion of two pieces 
of ice to form a single piece by pressure is an example of lowering 
of melting point under pressure. When two pieces of ice are 
pressed together the points of contact between them are subjected 
to high pressure. Hence the melting point at these places is 
lowered. The actual temperature at these points, i.e., 0°C, is 
higher than the melting point under the condition of high pres- 
ifure^ Hence ice melts at these points taking the latent heat firom 
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their immediate surroundings. When the pressure is released 
the water around the points of contact freezes as.it is lower than 
0^0 due to the abstraction of latent heat from it during melting. 
The two pieces are thus cemented together. The melting of ice 
by pressure followed by solidification of the water so formed on 
removal of pressure is known as legelation. 

Bottomley’s experiment. A single turn of bare, thin copper 
wire is wound round a large block of ice supported on two wooden 
blocks as shown in fig. 110 and is loaded by a weight of several 
pounds. The copper wire will be seen 
to penetrate through the block of ice 
and pass out of it, while the block 
remains intact. Due to the load the 
thin wire exerts a rather liigh pressure 
on the ice just below it and lowers the 
melting point at that place. The ice 
at that place, therefore, melts taking 
the latent heat from the surroundings 
through the copper wire. The water i'ig* HO 

so formed flows round the wire which sinks, and freezes again 
due to the removal of the pressure on it. Tlie latent heat it gives 
out passes through the wire and supplies the latent heat of 
fusion for the ice below the wire. This process is repeated and 
each layer is cemented no sooner the wire cuts through it. 

For the success of the experiment it is necessary that heat 
be allowed to flow from the solidifying water to the ice to be 
melted below the wire. The wire must, therefore, be made of a 
material which conducts heat well. The experiment will not 
succeed if the wire is a bad conductor of heat. 

For an increase in pressure of one atmosphere the melting 
point of ice diminishes by •0076°f7. The pressure should be 
about 1850 lb. wt. (i.e., 22 maiinds) per st^uare inch so as to 
make ice melt at — VC. 

119. Freezing Point of a Solution 

The freezing point of a solution is always lower than that of the 
pure solvent. But when a solution begins to freeze the pure 
solvent separates out as crystals and the solution becomes more 
concentrated. This behaviour is often made use of in cold 
countries to obtain salt from sea-water. Sea-water begins to freeze 
at about—2®C'. As water separates out by freezing, the solution 
gains in salt. It is finally evaporated by heat. 

In cold weather water in the radiators of cars may freeze and 
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burst the tubes. To prevent it glycol or glycerine is mixed with 
the water. The freezing point is lowered thereby. 

Presence of dissolved substances in liquids always lowers the 
freezing point. 


Exercises 

1. What is latent heat? What does it do? Whtat do youunder- 
‘’tand by the statement that latent heat of ice is 80 ? 

Describe an experiment for measuring the latent heat of ice. 

2. How is melting point affected by pressure ? What is regela¬ 
tion ? Explain how a loaded copper wire can pass through a 
block of ice. Will the experiment succeed if a silk thread 
replaced the copper wire ? Explain your answer. 

3. Describe an experiment to show that water exerts a consi¬ 
derable force while freezing. What effect has it on weathering 
of rocks? 

4. 3 lb. of copper heated to 212°F are placed in a block of ice. 

How much of ice will melt ? Sp. heat of copper is 01 and latent 
heat of fusion of ice 144 B.Th.U. per lb. {Ans ^ Ib.) 

5. A piece of ice at (fC and weighing 15 gm is dropped into 

85 gm of water at 2i)°C in a copper calorimeter. When all the 
ice melts the temperature falls to 10°(7. If the latent heat of 
fu'/ion of ice is 80 calories per gm, calculate the water equivalent 
of the calorimeter {Ans ; 50 gms.) 

6. 40 gm. of ice at —lo°C (sp. heat 0'5) are mixed with 150 
gm of water at 90°(7. What is the resulting temperature ? 

(Ans : 45-25°(7) 

7. 250 gm of copper at 90°C are dropped into a copper calo¬ 

rimeter weighing 100 gm and containing 10 gm of ice and 25 gm 
of water at 0°G. The specific heat of copper is • 1 and latent heat 
of fusion of ice, 80 calories per gm. Find the resulting tempera¬ 
ture. {Ans : 20-l°C.) 

8. A 100 gm brass ball is cooled to the temperature of liquid 
air, i.e., —190°(7 and dropped into a calorimeter containing water 

■ at 0®C. Calculate the mass of ice formed (neglecting absorption 
of heat from the calorimeter). The specific heat of brass in this 
range is -08 and latent heat of fusion of ice is 80 calories per gm. 

{Ans : 19 gm.) 

9. A quantity of ice at 0°C is added to 50 gm of water at 
Z0°C in a calorimeter of water equivalent 10 gm. The final 
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common temperature is lO^O. Calculate the mass of ice added. 
Latent heat of fusion of ice is 80 calories per gram. 

{Ans : 13f gm.) 

10. A brass ball weighing 10 gm and heated to 250'’C is put 

inside a cavity in a block of ice, of which 2-7 gm melt. If the 
latent heat of fusion of ice is 80 calories per gram, calculate the 
specific heat of brass. {Ans : ’09.) 

11. A metal vessel containing 250 gm of water at 30®(7 is 
placed in a refrigerator which abstracts heat at the rate of 275 
calories per minute. Calculate the time taken by the water to be 
converted into ice at 0°C. The latent heat of fusion of ice is 80 
calories per gram. The weight of the vessel may be neglected. 

(Am: 1 hr. 40 min.) 

12. 100 gm of ice at 0®C are added to 200 gm of water at 
30°C. What will be the final temperature? 

13. Suppose that the latent heat of ice were suddenly reduced 
to half its value. What may be the effect of such a change on 
the snows of the Himalayas ? (Answer in ten lines.) 



CHAPTER 16 


CHANGE OF STATE : LIQUID TO 

VAPOUR 

120. Vaporization and Vapour Pressure 

When a liquid is heated it changes into vapour. Such change 
is called vaporization. It can take place in two ways, viz., (i) 
by evaporation, and (ii) by boiling. The reverse 
process of change of state from vapour to liquid 
is called condensation or liquefaction. Before 
proceeding to consider the processes of evaporation 
and boiling in some detail it may be profitable 
for us to know that a vapour exerts pressure 
like a gas. This may be seen as follows. 

Take a barometer tube filled with mercury 
and invert it over a mercury trough. Introduce 
a few drops of a liquid, such as water, alc('hol or 
ether, into the tube with the help of a bent pipette 
(Pig. 111). As the first drops rise through the 
mercury column and reach the vacuous space 
above, they turn completely into vapour. The 
vapour so formed depresses the mercury column, 
showing that it exerts pressure like a gas. 

As you introduce more and more of the 
liquid into the tube, a state will be reached 
when it no longer evaporates, but accumulates 
on the mercury surface. When this condition 
is reached, the pressure exerted by the vapour does not increase 
any more. 

These show that (i) a vapour exerts pressure, and (ii) there is a 
limit to the amount of vapour that a space (here the Torricellian 
vacuum) can hold. If we increase the temperature of the Torri¬ 
cellian space by surrounding it with a suitable bath, it will be 
found that the maximum vapour pressure exerted by the liquid 
increases with rise of temperature, and the space can hold more 
vapour at the higher temperature. 

121. Evaporation 

Evaporation is the slow process of conversion of a liquid into 
the vaporous state. It is easy to confirm the following facts about 
evaporation. Many of them are part of our daily experience. 



Fig. Ill 
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(i) Evaporation takes place at all temperatures and under all 
pressures. 

(ii) The rate of evaporation increases with rise of tempera¬ 
ture. 

(iii) The rate of evaporation also depends on the pressure. 
The lower the pressure on a liquid the faster will it evaporate. 
Evaporation is quickest in a vacuum. 

(iv) The greater the area of the cxposetl surface the greater 
the evaporation. 

(v) Evaporation is speeded up by a current of air over the 
liquid. 

(vi) The rate of evaporation depends on the amount of the 
vapour of the liquid present over the liquid surface. The higher 
it is the slower is the evaporation. A moist cloth dries much 
slower on a wet day than on a dry day because there is more 
moisture in the air on the w'et day. 

(vii) Of two liquids the one which lias a lower boiling point will 
evaporate more quickly. Ether evaporates much more quickly 
than alcohol, and alcohol quicker than water. The boiling 
points of ether, alcohol and water arc So'^C', and lOO^O 
respectively. 

(viii) Heat is required for evaporation. If it is not supplied the 
liquid cools itself or its surroundings to get the heat (Also sec § 127). 


122. Boiling 

A. Nature of boiliilg. Take some w'atcr in a flask fitted 
with a rubber stopper. Pass through it a thermometer, an 
open-tube manometer, and a delivery tube provided w'ith 
an india rubber tubing and a pinch 
cook (Fig. 112). 

Heat the flask slowly over a Bunsen 
flame. As the temperature gradually 
increases you will find more and more 
steam rising from the surface. (This is 
not boiling). Also, the dissolved air in 
the water forms into small bubbles, rises 
to the surface and escapes. At about 
70°—80®(7, small bubbles of water vapour 
will be seen to form at the bottom of the 
flask. They rise and collapse as they 
reach the upper layers of colder water. 

At this stage a simmering sound is heard. 

In the final stage the bubbles rise to 
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the top and burst at the surface. When this happens we say 
that the liquid is boiling. During boiling vapour rises to the 
surface from all points throughout the liquid. The temperature 
of the liquid remains constant so long as the boiling continues. 

The vapour within the flask is invisible like air. As it comes 
out of the delivery tube it condenses into small water globules 
which look like a white cloud. This cloud soon vanishes as the 
globules evaporate in the open air. 

During boiling, the manometer registers a constant pressure. 
Wlien the delivery tube is witle open, mercury in both limbs of 
the manometer stands at the same height, showing that the 
pressure inside the flask is equal to that of the atmosphere. If 
boiling has continued long enough \ve may safely conclude that 
air inside the flask has been completely replaced by water vapour. 
So the pressure inside the flask is that exerted by the water 
vapour only. This shows that when there is a free conmiimica- 
tion with ^e atmosphere a liquid boils when its vapour pressure 
is equal to the atmospheric pressure. 

The constant temperature at which a liquid boils under nor¬ 
mal atmospheric pressure is called its normal boiling point. The 
boiling point of water under a pressure of 76 cm of mercury is 
lOO^C. 

B. Effect of pressure on boiling point. 

(1) Increase of pressure on a liquid raises its boiling point. 

If during brisk boiling we close the pinch cock partially, so that 

the flow of steam is appreciably impeded, 
the manometer registers a higher 
pressure in the flask. The thermometer 
also registers a higher temperature 
when the liquid boils under this condi¬ 
tion of increased pressure on its surface. 

We, therefore, conclude that an 
increase in pressure on the liquid surface 
results in an increase in the boiling point 
of a liquid. 

(2) Lowering of pressure on a liquid 
lowers its boiling point. 

(a) Franklin’s experiment. Take a 
flask half full of water and boil it briskly. 
After boiling has proceeded for some time 
so that the air inside has been replaced 
by water vapour, remove the flask from 
the flame and quickly close it with a 



Fig. 113 
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rubber stopper. Note that boiling stops immediately. Now invert 
the flask on a retort holder and pour cold water on it (Fig. 113). 
The water within the flask will be seen to boil again. This 
boiling lasts for a short time. The experiment can be repeated 
several times after the first boiling. 

The explanation is 8imi)le. Part of the water vapour above 
the surface of the liquid coin lenses into water due to the cooling 
of the surface of the flask. This results in a diminution of pressure 
on the liquid surface. If the pressure is lowered below the 
vapour pressure of the water in tlie flask, the liquid boils. 

This shows tliat a liquid may be made to boil at a lower 
temperature than its normal boiling ])()int, 1’liis liappens u^hen the 
pressure on it is reduced below the normal atmospheric pressure. 

Boiling under reduced pressure has its application in- industry. 
There arc chemicals, such as HaOj, anIucIi decompose before 
reaching the normal boiling point. In manufacture, they arc 
separated by distillation at a reduced pressure. 

In the sugar industry, sugar is separated by crystallization 
from solution. The .syrupy solution has a high boiling point. 
It is made to boil at a lower temperature by reducing the 
pressure on it. This economizes fuel consumption. 

(b) BoiUng of water at room temperature. Water may be 
made to boil at room temperature without heating. For this pur¬ 
pose a high speed exhaust pump and towers 
containing absorbents of water vapour, such 
as anhydrous CaClj, are necessary. 

Take a rather small ([uantity of AAater in 
a flask and close it with a rubber stopper. 

Through the cork pass a thermometer and 
two glass tubes, one of which is connected to 
the pump and the other to a closed-tube mano¬ 
meter (Fig. 114), The pump is connected to t i.e 
flask through two absorbing towers containing 
fused cjilcium chloride. 8ce that tJie system 
is leak tight. Now work tlie pump. Wlien 
the pressure falls considerably the w^ater in the 
flask begins to boil at the room temperature. 

As the boiling is continued the thermometer 
may register a temperature a little lower than Fig. lu 
the room temperature, 

C. Boiling point of a solution. Make an arrangement as in 
fig. 112. A dd some salt to the water in the flask and put the 
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thermometer bulb mthin the liquid. Note that boiling sets in 
at a higher temperature when the salt is added. 

Slowly raise the thermometer above the liquid in the flask. 
Note that the temperature recorded gradually diminishes until 
it is the same as we would get if we had pure water boiling inside. 
This shows that the boiling point of a solution is higher than that 
of the pure solvent under the same pressure. But the tempera¬ 
ture of the vapour is ultimately the same as for the pure solvent 
boiling under the same pressure. 

D. Characteristics of boiling and factors affecting it. 

Summarising, we may say as follows : 

. (i) Boiling takes place at a definite temjwraturo under a 
definite pressure. The temperature at which a liquid boils under 
normal atmospheric pressure is called tlie normal boiling point. 

(ii) For a pure liquid the temperature at which boiling takes 
place at a given pressure depends on the nature of the liquid. 

(iii) A liquid boils when its vapour'pressure is equal to the pressure 
on its surface. Hence the boiling point of a liquid rises or falls with 
the pressure on it. 

(iv) At a given pressure, the boiling point of a solution is 
higher than that of the pure solvent. But the vapour formed 
has finally the same temperature in both cases. 

(v) Boiling is accompanied by absorption of lieat. The rate 
of boiling depends on the rate of heat supply. 


Table. Normal boiling points of some substances in °C 


Substanod 

Boiling 

point 

Substance 

Boiling 

point 

Substance | 

Boiling 

point 

Sulphur 

4440 

Water 


Ammonia 

- 34® 

Merourj 

357® 

Alcohol 

78® 

Oxygon 

-183® 

Paraffin 

350®-530® 

Chloroform 

61® 

Hydrogen 

- 253® 

Glycerine 

290® 

Ether 

36® 

Helium 

-269® 


E. Difference between evaporation and boiling. From the 
characteristics of the two processes already discussed, we may 
say that the fundamental differences between them are the 
following :— 

(i) Boiling takes place at a definite temperature under a 
definite pressure, but evaporation takes place at all temperatures 
under any pressure. 

(ii) Boiling takes place throughout the bulk of the liquid 
while evaporation takes place only from the exposed surface. 
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123. Boiling at High Altitudes 

Atmospheric pressure is greatest at the sea level and dimi¬ 
nishes as wo go up. Since the boiling point of a liquid dimini¬ 
shes with lowering of pressure, we should expect that in hill 
stations water will boil at a lower temperature than on the 
plains. This is actually so. On Mt. Blanc (15,782 ft.) water 
boils at 83°0 ; on Mt. Everest (29,002 ft.) it would boil at 70®C. 
It has been estimated that at a height of 65,000 ft. water would 
boil at 37‘’C. At this height the water in our body, if exposed, 
would start boiling. 

The following table gives the approximate temperatures at 
which water boils at the heights mentioned. 


Height above sea-level j 

Boiling point 

(in ft.) 

(in ”(7) 

2000 

98 

4000 

96 

7000 1 

1 93 

10,000 1 

90 

15,000 1 

85 

20,000 1 

80 

25,000 : 

74 


It would be seen that the boiling point of w'ater diminishes 
roughly by 1°C per thousand feet (960 ft. to be more precise) 
of ascent above the sea-level upto about 20,000 ft. A knowledge 
of the boiling point of water can, therefore, give us an idea of 
the height of the place above sea-level. 

124. Boiling under Increiued Pressure 

Cooking at temperatures less than 100°(7 is of great incon¬ 
venience. For cooking at high altitudes a special kind of cooker, 
called pressure cooker (the same 
thing as Papin’s digester) is used. 

The principle of the cooker or 
Papin’s digester may be explained 
with the aid of fig. 115. The 
vessel is made of thick sheet metal* 

The lid is screwed to it air-tight. A 
valve closes an opening in the lid. 

It is kept pressed in position by a 
suitable weight If acting through 
a lever. The weight and the Fig. 115 

position of W determine the pressure of the steam in the 
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cooker which will lift the valve. If the steam generated within 
the vessel attains a greater pressure, the valve will he 
forced open and the excess of pressure released. By suitably 
closing W the v^ter inside may be made to boil at a desired 
temperature. If W exerts an extra pressure of about one 
atmosphere the boiling point of water on the plains will be 
about 120°C. Meat can be cooked in 20 minutes with such a 
cooker. The external force on the valve can also be applied by 
an adjustable spring. 

Papin’s digester is used in manufacturing paper pulp by boil¬ 
ing saw dust and caustic soda under pressure, in the manufac¬ 
ture of artificial silk and for extracting gelatine from bones. In 
boilers of steam engines steam is generated under high pressure 
by making water boil at a temperature higher than 100°(7. Safety 
valves open when a i)re-determined pressure is reached. Boilers 
of locomotive engines may have a steam pressure of about 
250 lb. persq. inch (i.e., over 15 atmospheres), the water boiling 
at about 200 °G. 

In autoclaves and ho.spital sterilizers water may be made to 
boil at about ISS”^ corresponding to a pressure of 30 lb. per sq. 
inch above atmosphere pressure. At this temperature bacteria 
and bacterial spores are killed. Dressings, towels etc. are placed 
in the chambers of the sterilizer. High pressure steam circulates 
through an outer jacket. Canning food is cooking under pressure. 
Sealed cans are heated by high pressure steam to about 160®(7 to 
kill bacteria and also to cook. But it destroys the vitamins. 

125. Latent Heat of Vaporization 

We have seen that there is no change of temperature when 
a liquid boils under a constant pressure (§ 41 A). Nevertheless, 
heat must be supplied even at the boiling point in order that the 
liquid may boil. Heat is also necessary to evaporate a liquid. 
This heat, which does not raise the temperature of the liquid, 
but brings about a change of state from liquid to vapour, is called 
kUent heat of vaporization. 

There is some attraction between the molecules of a liquid, 
but in a vapour the mutual attraction between molecules is 
^ negligible. To convert a molecule of tno liquid into a molecule 
of the vapour, it must be removed beyond the range of attraction 
of other liquid molecules. In other words, some energy is neces¬ 
sary to efliect the change of state and this energy will not, as 
in the general case, go to raise the temperature of the liquid. 
Latent heat of vaporization supplies this energy. It may be 



ohangb of state; liquid to vapour 


159 


looked upon as being stored up as potential energy of the vapour 
molecules, and is released as heat when the vapour condenses. 

Quantitatively, the latent heat of vaporiaztion is the amount 
of heat required to convert unit mass of a liquid into vapour at 
the same temperature. It is measured in hmt units per unii 
mass, generally in calories per gram. Latent heat is independent 
of the process by which the change of state is brought about. 
Whether the liquid changes into tlie vapour by evaporation or by 
boiling, it requires the same latent heat at a given temperature. 

The statement that the latent heat of steam is 537 calories 'per 
gram mcains that when water at 100°(7 is converted into steam 
at 100°t7, each gram will require 537 calories for the change of 
state only. When 1 gm of steam at 100°C' condenses into water 
at 100°C’, 537 calories of heat are j-eleased. 

126. Determination of the Latent Heat of Steam 
Experiment 36. Take a clean dry calorimeter and weigh it. Fill 
it more than lialf with w'ater and weigh again. Note its initial 
temperature. 

Boil water in a vessel 
B (Fig. 116) provided with a 
delivery tube leading to a 
steam trap T. From the 
trap only .steam can enter 
into the calorimeter C 
through another tube. The 
condensed w^ater Avill be 
arrested in the traj) and 
can be drained off from 
time to time. A w^ooden 
screen separates the boiler 
B from the calorimeter pig. ug 

C. Allow the steam t o condense in the calovimeter for some time. 
Stir the water well and road off the final temperature after the 
supply of steam has been out off. 

Wait till the calorimeter and its contents reach the room 
temperature. Weigh tho?n again. The difference from the second 
weight gives the mass of the steam condensed. 

Let m gm = initial mass of water taken, 

. »n' gm — mass of steam condensed, 

W gm = water equiwalent of the calorimeter, 
tf°C — initial temperature of water, 

t°C — final temperature, 

L 5= latent heat of steam in calories per gm. 
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Then, the heat lost by the steam at 100°O to condense into 
water at l00°C=m'xL cal. 

Heat lost by the water so formed to cool through (100—f)°(7 
=m' (100—0 cal. 

Heat gained by water and the calorimeter 
={m+W) {t—ti) cal. 

.*. (100—<)=(m +IV^) {t —i,), from which L can be 

calculated. 


127. Cold caused by Evaporation 

A liquid cannot change to vapour unless the requisite amount 
of latent heat is supplied. Hence when a liquid evaporates, the 
portion that evaporates draws its latent heat from its neighbour¬ 
hood including the rest of the liquid if there is no external source 
of heat. As a result the liquid and its surroundings are cooled. 

This explains a number of phenomena which we come across 
in every day life. 

(i) When spirit is sprinkled on our skin, the spirit evapo¬ 
rates and takes the latent heat from the skin, which feels cold. 

(ii) If after a bath we expose ourselves to a wind, or after 
perspiration sit below a fan the water on our body evaporates 
taking the latent heat from our body. We therefore feel cold. 

In tropical countries an adult may perspire to the extent of a 
litre or more per day. A considerable part of it evaporates taking 
from the body the necessary latent heat, which is about 680,000 
calories per litre. This is one of the ways our body gets rid of the 
superfluous heat. 

(iii) Water in an earthcnw'are pot is cooled in supplying the 
latent heat of evaporation to the water that comes out through 
the pores in the pot and evaporates. 

(iv) The dentist sprays the gum with a liquid known as ethyl 
chloride before he makes an injection. The rapid evaporation 
of ethyl chloride cools and ‘freezes’ the gum so as to make it 
less sensitive. 

Freezing by evaporation, (i) Pour a little water on a wooden 
block and place on it a thin tin can containing ether. Bubble 
air rapidly through the ether by means of a glass tube and 
hand bellows. The rapid evaporation of ether cools the water and 
cau^ it to freeze. The wooden block can then be lifted by the 
tin can. 
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(ii) Preparation of dry ice, which is solid carbon dioxide, is 

an example of freezing by 
evaporation. Liquid car¬ 
bon dioxide contained in 
a cylinder (Fig. 117) issues 
in a jet through a valve. 
The rapid evaporation of 
the liquid cools it and a 
part freezes. This is col¬ 
lected in a muslin bag 
attached to the nozzle. 

Dry ice has a temperature of —78°C. It is used for cooling. 
The ice cream vendor uses dry ice to keep his goods from melting. 

Refligeration. Use ofhousohold refrigerators is on the increase. 
You often see them in a druggist store or a sweetmeat shop. They 
provide cold chambers, around 0°U, in Avhich you can keep food, 
sera, vaccines etc. for a long time without deterioration. Large 
rooms can be kept cool in the same way as a household refrigerator 
and userl for large scale storage of meat, fruit and vegetables for 
months. Ships which transport such items of food from one 
country to another are provided with cooling plants in their holds 
as in refrigerators. 

Cooling in these devices is produced by the evaporation of a 
liquid under reduced pressure in a set of coils called the evapora¬ 
tor coils. The coolant may be ammonia, sulphur dioxide, ethyl 
chloride or freon (CFnCla). 



Exercises 

1. How would you show that a vapour exerts pressure and that 
the maximum pressure a vapour can exert depends on the 
temperature ? 

2. State the principal facts about evaporation and boiling. 
What is the fimdamental difference between them ? 

3. How would you show that a liquid boils when its vapour 
pressure is equal to the pressure on it ? 

4. What is the effect of change of pressure on boiling point ? 
What is meant by normal boiling point ? 

Describe one experiment each to show the effect of (a) an 
increased pressure, (b) a reduced pressure on bpiling point. 

11 
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5. Mention some applications of boiling under (a) increased, 
(b) reduced pressure. 

What broad inferences regarding height would you draw from 
the statement that water boils at 97°(7 at a certain hill station ? 
What would you expect the boiling point of water to be in a 
mine 2000 ft deep ? 

6. What do you understand by the statement that ‘the latent 
heat of steam is 540 calories per gram’ ? Describe an experiment 
to measure this latent heat. 

7. Give some examples of cold produced by evaporation. 
Mention some practical uses of it. 

8. A can of water-equivalent 100 gm contains 500 gm of 
water at 40°(7. Steam at 100°G is allowed to condense in the vessel. 
What quantity of steam is required to raise the water to its 
boiling point? Latent heat of steam is 640 calorics per gram. 

{Atis : 66-^ gm.) 

9. What quantity of steam at 100°C should be condensed in a 

mixture of 300 gm of water and 30 gm office at 0°C so as to 
make the final temperature 30°G ? Latent heat of fusion of ice 
is 80 calories per gram and latent heat of .steam, 540 calorics i)cr 
gram. {Ans : llg gm.) 

10. A calorimeter of which the heat capacity may be neglected, 
contains 1000 gm of water at 30°C'. It is pbiced on an electric 
stove, when the temperature of water rises to 100°G in 10 minuk's. 
Calculate the amount of heat absorbed by the water per minnte. 
How long will the water at 100°C take to boil away complete*ly ? 

{Ans : 7000 calories/min; 77^ min ) 

11. By the evaporation of 25 gra of liquid ammonia 85 gm 

of ice at 0°(7 are formed from water at 20“0. If the latent heat of 
fusion of ice is 80 calorics per gram, calculate the latent heat of 
vaporization of ammonia. {Ans ; 340 calories per gram.) 



CHAPTER 17 


HYGROMETRY 

128. Water Vapour in the Atmosphere 

Evaporation is constantly taking place from the surface of 
water which covers more than two-thirds of the face of the earth. 
Many millions of tons of water are drawn up into the air every 
hour. Air must, therefore, always contain some water vapour. 
Though the quantity of water vapour is small compared with the 
other constituents of air, such natural phenomena as rain, dew, 
fog etc. are due to the condensation of moisture in air. 

Wc feel comfortable when the moisture in air lies within certain 
limits. Good living conditions, therefore, require a controlled 
amount of moisture in the air. A similar control is necessary for 
carrying out some industrial processes connected with cotton and 
•wool industries, artificial seasoning of timber, manufacture of 
artificial silk etc. Besides, forecasting of weather requires a 
knowledge of the amount of moisture in the air. It, therefore, 
becomes necessary for us to determine the moisture content in 
air at different places and times. Hygrometry is concerned with 
the measurement of the amount of moisture in the air. 

129. Sautrated and Unsaturated Vaponi 

Before proceeding further it will be worth while to go back to 
§ 120 where an experiment has been described to show that 

0) water vapour exerts pressure ; 

(ii) there is a limit to the amount of water vapour that a space 
can hold ; 

(iii) the pressure as well as the amount of vapour increases 
with rise of temperature. 

When a space contains the maximum amount of water vapouf 
it can hold at a given temperature, it is said to be saturated with 
the vapour. Otherwise, it is unsaturated. The terms saturated 
and unsaturated are also applied to the vapour itself. The maxi¬ 
mum pressure which a vapour can exert at a given temperature 
is variously called saturated vapour pressure (abbreviated S.V.P. 
in this book), maximum vapour pressure, or simply, vapour 
pressure of the liquid at that temperature. It easily follows that 
at a given temperature, a saturated vapour exerts the maximum 
vapour pressure. If the pressure exerted by a vapour is less than 
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the maximum it can exert at the temperature, the vapour is 
unsaturated. 


130. Dew Point 

Ordinarily air does not contain enough moisture to saturate 
it. If the air at any place is gradually cooled, it will tend to¬ 
wards saturation.^t a certain temperature a given volume of 
air will bo saturated by the moisture it contains. This tempera¬ 
ture is called dew pointy Further cooling causes dew to appear. 
When you add ice to wafer in a tumbler, dew forms on the out¬ 
side of the tumbler due to the cooling of the surrounding air 
below the dew point. 

The pressure due to the vapour actually present in the air is 
unaffected by this cooling. Since at the dew point the vapour 
is saturated, the saturation vapour pressure corresponding to the 
dew point is also the actual pressure due to the vapour present. 

The S.V.P. of water vapour at different temperatures was 
determined by Regnault and compiled into a table known as 
Begnault’s table. If the dew point at any place at a given time 
be determined, the actual pressure of vapour in tlie air could be 
found by reference to the table. 

131. Humidity of Air 

We often use the terms ‘dry’ or ‘moist’ with respect to air. 
The use of these terms is generally dictated by our feeling as to 
whether the air contains little or much moisture. In reality this 
feeling depends on two factors, viz., (a) the actual amount of 
moisture present in the air and (6) the moisture necessary to 
saturate the air under the existing conditions. Strictly speak¬ 
ing, our sensation of dryness or dampness of air depends on the 
ratio of (a) to (6). The humidity (or dampness) of air may bo 
expressed in either of two ways, viz., (i) by the absolute humi¬ 
lity and (n) by the relative humidity. 

/The absolute humidity is defined as the mass of water vapour 
present in unit volume of air. It is expressed in grams per cubic 
metre of air^ 

^!^e relatiye humidity is the ratio of the actual mass of water 
vapour present in a certain volume of the air to the mass of 
water vapour required to saturate the same volume at the 
same-temperatur^It is usually expressed as a percentage. 
If 1 cu. metre of air at a particular temperature contains 18 gm 
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of water vapour and if 30 gm of vapour are required to saturate 
it at the same temperature, the relative humidity is 60%. 

Assuming that water vapour obeys Boyle’s law up to the 
point of saturation, the density of the vapour, and hence the 
mass present in a given volume, is proportional to the pressure 
it exerts. This assumption is not quite correct, but the inaccuracy 
is not important for the purpose. This leads to another definition 
of relative humidity, viz., 

Relative humidity 

_actual pressure of water vapour present in the air 
S.V.P. of water at the temperature of the air 

Since the actual pressure of the vapour present is equal to 
the saturation pressure at the dew point, we may also define 
relative humidity as 


Relative, humidity 


Saturatwn pressure of water at the dew point 
Saturation pressure at the temperature of the air 


If the temperature of the air — 35°(7, dew point = 26®(7 
S.V.P. at 35“C = 42*02 mm of mercury and S.V.P. at 26°(7 
= 25*13 mm of mercury, 


R.H. 


25*13 

42*()2 


=0*598=59*8%. 


The rate of evaporation of water is determined by the relative 
humidity of air, and not by its absolute humidity. For comfort 
the relative humidity of the air in a room should be kept between 
50 and 60. 


132. Measurement of Humidity : Hygrometers 

Hygrometers are instruments for measuring the humidity of 
air. There are different types, of which we shall describe two. 

(i) Dew point ihygrometer : BegnaulPs hygrometer. 

The action of this class of hygrometers is based on the defi¬ 
nition of relative humidity as the ratio of two pressures. They 
are used with Regnault’s tables which give the S.V.P. of water 
at different temperatures. The hygrometer determines the dew 
point. 



166 


HEAT 


A glass tube A (Fig. 118) closed at its 
upper end by a stopper carrying a thermo¬ 
meter T, is fitted at its lower end with a 
silver cap. Ether is poured into the cap and 
fills it completely. Air is sucked through the 
ether via the tubes CD. As the ether evapo¬ 
rates the silver cap is cooled until it roaches 
the dew point, when dew deposits on it. 

As soon as dew is detected T is read. 
Another reading is taken when the dew dis¬ 
appears as the apparatus is allowed to warm 
up. The mean of tliese two values gives the 
dew point. 

(ii) Empirical hygrometer: Wet-and-dry- 
bulb hygrometer. 

Wet-and-dry-bulb hygrometer. Some 
skill is necessary in handling the hygrometer 
described above. The wet-and-dry-bulb hygro¬ 
meter however requires no skill for making 
observations and is used extensively in 
meteorological work. 

It consists of two thermometers arranged 
on a stand, one of which is exposed to the 
air, while the bulb of the other is wrapped 
round with muslin or cotton wick that is 
kept moist by dipping into a small vessel 
of water (Fig. 119). The drier the nir, the 
more rapidly will evaporation take place 
from the wet bulb and the lower will its 
temperature be. The thermometer with 
the dry bulb gives the temperature of the 
air. This temperature and the difference 
between it and that of the wet bulb enable 
us, by means of suitable tables, to obtain 
the percentage humidity, the dew point 
and the vapour pressure of air. 

The instrument should be kept in a well 
ventilated place in a current of air. 

Hair hygrometer. Human hair freed from 
fat and grease expands with increasing 
relative humidity. The difference between 
the lengths in dry air and in saturated air 
is of the order of 3%. One form of hair 




Fig. 119 
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hygrometer is shown in fig. 120. The elongation of the hair is 
magnified by a suitable device. As the hair elongates, a pointer 
moves over a graduated scale. This 
hygrometer is a direct reading instru¬ 
ment, has an accuracy of about 3% 
and requires frequent checking. 

133. Condensation of Water Vapour 

The water that evaporates from the 
surface of the earth is returned to it 
in various forms. Cloud, mist, dew 
etc,, are due to the condensation of 
water vapour in the atmosphere. 

We have stated that when air 
containing water vapour is cooled Fig, 120 

gradu.ally, it becomes saturated at a certain stage. When cooled 
furtlior the air can no longer hold all the u'ater vapour in it. 
Some vapour i.s condensed in the form of minute water drops. If, 
iiowever. the air is pure it can contain much Avater vapour 
in excess of saturation. Under tliis condition the air or the 
moisture is said to be mper-satumted. 

For condensation of vapour to take place it is generally 
TAOcessary that particles of some kind should be present in the 
atmosphere to act as centres or nuclei for the deposition of v^ater 
mtdecules. Particles of dust may serve this purpose, but hygros¬ 
copic particles (such as common salt containing magnesium 
chloride as impurity) are very efiective. The air near a town 
contains SOg molecules which come from burning coal. They 
are also hygroscopic and contribute largely to the formation of 
mist or fog near a toAvu. Besides these particles moisture con¬ 
denses easily on electrically charged molecules. 

Let us consider some natural phenomena due to condensation 
of moisture in the air. 

Dew. During the day objects on the surface of the earth are 
heated by direct radiation from the sun, and the oir in contact 
with them is also heated. During the night the bodies lose heat 
by radiation and those which radiate well quickly cool below 
the temperature of the surrounding air. Air in contact with them 
cools too. If in this way the air cools below the dew point, a 
portion of the vapour is deposited as dew on the surfaces of 
adjacent bodies. 

It is evident that the folloAving conditions are necessary for 
the deposition of dew : 
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{%) A clear sky. If there is cloud in the sky at night, cooling 
of bodies by radiation is impeded. 

(ii) Absence of wind. If there is .wind, air near a cold object 
will not remain in contact with it long enough to cool below 
the dew point. 

{in) Presence of copious moisture in the air. If the initial 
humidity is high it does not require much cooling to reach dew 
point. 

(it;) The presence of objects which are good radiators, but bad 
conductors of heat. Such objects cool rapidly and bring the air 
below its dew point. They should however be close to the earth 
as otherwise the cooled air will sink downwards and bo replaced 
by warmer air from above. 

Dew deposited on grass and leaves of plants is formed by 
water vapour given out by the leaves when the air around them 
has been cooled to the dew point. 

Hoar-frost. When the dew point is below 0°C and the tempera¬ 
ture of bodies lower still, water vapour in the air condenses 
directly as solid without passing through the liquid state. The 
solid is deposited on grass, etc., and is known as hoar-frost. 

Fog and Mist. In a windless night the air at regions near the 
surface of the earth may be cooled below the dew point, when 
condensation of moisture occurs throughout the mass of air. 
The result is a fog or mist. There i.s no fundamental difference 
between the two. A mist in which one can no longer see objects 
at a distance of one kilometre, is usually spoken of as a fog. 

The cooling is ordinarily due to radiation from the earth’s 
surface. Hygroscopic particles play an important role in the 
formation of fog and mist. 

Mountain mists or fogs are due to the contact of the cold air 
from the mountain sides with the warm saturated air of the 
valleys. 

donds. When warm, moist air rises from a large surface of 
water, it gradually cools as it rises higher into the atmosphere. 
When the temperature of the air as a whole is reduced below the 
dew point, a cloud is formed by the condensation of vapour in 
the form of small droplets. The nuclei of condensation are 
minute salt particles originating from the sea and present in the 
air in sufficient numbers. 

A cloud is thus a fog or a mist formed high up in the atmos- 
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phere. In the ease of a fog or a mist the masses of air involved 
are often at rest or in very slow motion, but not so in a cloud. 

The cooling which leads to the formation of a cloud may 
occur in a variety of ways. The chief causes are (i) the mixing 
of warm saturated air with a current of cold air and (ii) cooling 
by expansion as the air in its ascent moves to regions of lower 
pressure and increases in volume. 

Experimet 37. The formation of cloud due to the cooling 
effect of expansion of air can be shown 
by the following experiment. A bell 
jar as in fig. 121 is connected to an 
exhaust pump through a tube passing 
through its air-tight stopper. A 
thermometer is also inserted. Partial 
vacuum is created within the jar 
by working tlic pump. When the 
inside ancl the outside temperatures 
become the same, some air is admitted 
from outside. The air cxxjands suddenly 
and a fall in temperature will be 
noticed. If the admitted air is nearly 
saturated and contains dust particles, 
a cloud will be formed as soon as the 
air enters the jar. 

-—!l_. 

Rain. The drops of water in a Fig. 121 

cloud coalesce and increase in size. Whether they will fall to 
the ground as rain depends on the condition of the air below’ the 
cloud, the upward speed of the cloud and various other factors. 

The speed with w’liich a rain drop moves tow^ards the earth 
depends on its size. It is not a case of free fall under gravity, 
as the resistance due to air increases with velocity. A drop 
actually moves with a limiting speed, which depends on its size. 
Rain drops cannot be larger than 5-5 mm in diameter. Larger 
drops break up into smaller ones as they fall. Drops of this size 
fall witJi a 8X)eed of 8 metres per second or about 20 miles per 
hour. Other drops fall more slowly. 

In order that a rain drop may fall to the ground, (i) the up¬ 
ward velocity of the cloud must be lower than the limiting velo¬ 
city of fall of the drop, (ii) it must not encounter an upwavrd 
moving mass of air of higher speed and (iii) must survive 
complete evaporation during the fall. 

Water drops in a cloud are constantly going through the 




170 


HEAT 


process of forming into large drops, breaking up into smaller ones 
and coalescing once again. Every time a drop breaks there is a 
separation of electricity. This is perhaps the principal source 
of electricity in a thunderstorm. Consequently thunderstorms 
are associated with heavy rainfall. 

Exercises 

'1. Define dew point and relaiim huinidity. How is the latter 

expressed ? / c,’ 1 % ■ V'• ^ 

XJu i; 't'sv \ vW 

'^2. Describe a simple apparatus for measuring dew point. 

How w’ould you determine relative humidity with its hel^j ? 

'4. How is a wet-and-dry-bulb hygrometer used ? A weather 
report reads as follows : 

“The maximum humidity was 95% and the minimum 36%. 
The maximum wei-bulb temperature was 28‘’C. The maximum 
temperature was 33°C.” 

Briefly explain the meaning of the report. 

4. Explain how dew' and fog are formed. 

5. Answer the followdng : 

(a) The bulb of a thermometer is wrapped round W'ith cotton, 
which is wetted in turn wdth (i) water, {li) ether, {Hi) oil. How 
will the readings differ and why ? 

(b) Explain wdiy on a hot summer day, immediately after a 
rain, a block of ice on a cart appears to steam copiously. 

(c) What becomes cf the steam which a boiling kettle dis¬ 
charges into a room ? 

(d) A piece of glass is dimmed when you blow on it with your 
mouth on a winter morning, but not on a summer noon. Explain. 
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TRANSFERENCE OF HEAT 

134. The Three Ways of Transference of Heat 

There are three diiferent waye in which heat can be trans¬ 
ferred from one place to another, viz., 

(1) Conduction. When one end of an iron rod is put in the 
fire and the otlier end held in the hand, it will be noticed that 
this end gradually becomes warmer. Heat has passed from 
particle to particle along the rod from the warmer to the cooler 
enrl M’ithout any sensible movement of the particles. This process 
of transference of heat is called conduction. 

(2) Co7ivection. When the heated rod is remove<l from the 
fire and the hand placed a few inches above the hot en<i, it feels 
warm. Air heated by contact with the iron conveys the heat 
to tht' hand. Here the. heat is actually eerried by the particles 
of air, t)io movement of which i.s due t«) a change iti densitj-. 
Transference of heat rlue to the bodilv motion of the warmer 
portions of a medium is called convection. It should be clear 
that convection is impossible in solids, but occurs in liquids and 
gases. 

(.3) Radiation. If instead of holding the hand above the hot 
end of the rod, it is held a feu' inches below the rod, the hand 
feels hot, but not to the same extent as before. Heat could not 
liave been transferred by conduction or convection. The process 
by which heat is transmitted under this condition is called 
radiation. The licat that reaches the earth from the sun is trans¬ 
ferred by radiation. We may say that radiation is the process 
by which heat passes from one body to another across a space 
without heating the space between the two 

135. Conduction of Heat 

Transference of heat by conduction requires a material medi¬ 
um. The particles of the medium take up heat energy from 
their neighbours on one side and hand it over to their neighbours 
on the other side. None of them leave their position. 

Substances differ in their ability to conduct heat. One end of a 
glass rod may be put in the fire and brought to red heat while 
the other end is held in the hand. But if the glass is replaced by 
iron it may not be possible to hold it for long. This shows that 
heat is more easily transferred by conduction through iron than 
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glass. We say that conductivity of iron is higher than that of 
glass. 

Comparing condnciivities of different solids—Ingenhansz’s 
experiment. Conductivities of solids may bo compared by In- 
genhausz’s method. The experimental materials (copper, iron, 
brass, glass etc.) are taken in the form of long thin rods of equal 

length, identical in area of 
cross-section and in surface 
finish. They are coated with 
wax and arranged as in fig. 
122 with one end protruding 
into a tank in which water 
is maintained at the boiling 
point. Heat is conducted 
Fig. 122 from the water through the 

rods and melts the wax. After a steady state has been reached, 
the wax is observed to have melted to different distances along 
the rods. Conductivity is proportional to the square of tliv* 
distance over which the wax melts. 

Metals are the best conductors, silver heading the list with 
copper as a close second. Solids are in general better conductors 
than liquids, and liquids better than gases. 

Tho low conductivity of water may be 
demonstrated in the following way. Load 
a piece of ice so that it sinks in water. 

Put it in a test-tube about two-thirds full 
of water (Fig. 123). Heat the tube near the 
top. The water at the top will be seen to 
boil before much of the ice has melted. 

Conductivity of gases is very low. 

Copper conducts heat 700 times better than water, and water, 
25 times better than air. Wool, cotton-wool, felt etc. are bad 
conductors of heat and are used as thermal insulators. They 
owe their low condudivity to the innumerable air pockets that they 
enclose. 

^ Some consequences of thennal conduction, (i) When we 
alternately • touch a piece of iron and a piece of stone, both 
lying in the sun, the iron feels warmer than the stone though 
their temperatures are the same. This is due to the better con¬ 
ductivity of iron. Heat flows more quickly from it and produces 
an impression of greater warmth. When their temperatures 
are lower than that of our body, the iron gives the impression 
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of being cooler due to the quickness with which heat is trans¬ 
ferred from the body to it. If a piece of metal in arctic cold 
be touched with a finger, the finger freezes to the metal duo to 
tho large and quick transference of heat. 

{ii) The ‘warmth’ of woollen garments is due to the innumer¬ 
able air pockets they enclose. Because of the very low thermal 
conductivity of air, the garment as a whole has a low conducti¬ 
vity and retards the flow of heat through it. Two garments 
worn together will be more effective in preventing heat trans¬ 
ference than only one of the same total thickness. The layer of 
air between the two furtlier resists the flow of heat. 

{in) The temperature at which paper catches fire is much 
higher than that of boiling w'ater. This makes it possible to 
boil a small quantity of water 
in a thin paper bag. Much of the 
heat supplied to the paper passes 
through it and while this heat 
raises the water to its boiling 
point, tho temperature on the lower 
side of the paper remains below 
that at which the paper ignites. 

{iv) When a clean copper 
gauze is lowered on the flame of a 
butisen burner, it will be found 
that the flame does not get 
through the gauge (Fig. 124). Tho 
gauze conducts the heat away Fig. 124 

from the flame so rapidly tliat the temperature on the other side 
of tho gauze is lowered below that at which the gas bums. 
Combus.tion is therefore confined to the part of the flame 
below tho gauze. When the gauze itself is heated to the igtiition 
temperature^ it ceases to be effective in preventing the combustion 
of the gas above it. 

When the gauze is held about an inch above a Bunsen burner 
and tho flame lighted from top, it burns above the gauze (Fig. 
124). The conductivity of the gauze prevents the flame from 
extending below the gauze. 

(w) Asbestos, a fibrous mineral, is a bad conductor and is 
non-inflammable. It is extensively used for lining the walls of 
cookers and refrigerators. Boilers and steam pipes are often 
covered with an asbestos cement (asbestos fibre and plaster) to 
reduce leakage of heat. 
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• ivi) Hard chalk deposits are found on the inside of boilers and 
kettles in areas where hard water is used. The deposit is a bad 
eonductor. Unless it is removed from time to time much wastage 
■of fuel is inevitable. 

{vii) Davy's Safety Lamp. The principle illustrated in the 
flame-and-gauze experiment {Fig. 124) was utilized by Sir 
Humphrey Davy for the construction of a safety lamp for coal 
miners. 

It can bo used in mines without risk of explosion 
even when combustible gases are present. It 
is an oil lamp with a wire gauze B (Fig. 125) 
arranged above the flame. The flame itself is 
surrounded by a glass cylinder A to increase the 
illuminating power of the lamp. Air enters the 
lamp at C and burnt gases leave the lamp at D. 

In an explosive atmosphere the gases which 
penetrate to the flame are ignited and burn inside 
the gauze with a peculiar flickering. But the 
flame produced is unable to extend tmtwards 
through the gauze. The gauze conducts the heat 
away from the burnt gases so quickly that the 
explosive gas outside the lamp never becomes 
explode. 

Now-a-days miners use electric lamps. But the leader carries 
a Davy lamp to detect the presence of ‘fire damp’ (an explosive 
gas). If present in strong concentration, the gas burns with a 
blue flame. 

{viii) The high thermal conductivity of copper makes it a 
material of choice in the construction of cooking utensils or small 
boilers, but its cost is relatively high. Aluminium being lighter 
and a better thermal conductor than iron is preferred for the 
construction of piston heads and engine cylinders. 

{ix) An ice box or a refrigerator is constructed with a double 
wall. The space inside may be filled with saw dust or cork powder. 
Ice kept in saw dust melts slowly because of the bad conducti¬ 
vity of the innumerable air pockets enclosed between particles 
of saw dust. 

136. Convection 

Convection is possible only in liquids and gases, but not in 
srdids. When a fluid is heated it becomes lighter and ascends, 
while its place is occupied by cooler portions of the fluid. The 
current so set up within the fluid is called convection current. 



Fig. 125 

hot enough to 
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The ascending hot current carries the heat along with it. This 
process of transference of heat is called convectioii. It differs from 


conduction, since in the latter the medium 
through which heat flows is not displaced. 

Simple experiments on convection, (i) 

Drop a tiny crystal of potassium permanga¬ 
nate into a beaker of water which is being 
heated by a burner from below. The water 
will be seen to move from the bottom up the 
middle and clown the sides (Fig. 126). This 
shows that the water particles themselves 
carry lieat from the bottom to the top while 
cooler particles come down to be heated 



and then move upward again. 


Fig. 126 


' A 

/f 


. (n’i When a candle burns a convection 

' ^ current is created in the air around the 

j i V Vs flame (Fig. 127). The air in contact with the 
^ J V ^ flame is heated and a.scends, while the 

' / I? . V surrounding cold air moves up to the 

^ ^ flame. Thus the flame gets a continuous 

y jj X of oxygen. 

I {in) In hurricane. 

lamps it is also the 
Fig. 127 ^ . 

convection current 

which feeds the flame continuously with 

oxygen. Fig. 128 shows the path of the 

current. The burnt gases leave at the top. 

(iv) The water cooling the engine of a 
motor car is kept in circulation by con¬ 
vection. As the water flowing in pipes 
surrounding the engine is heate<l, it rises to 


Fig. 127 



Fig. 129 


a tank at the front of Fig. 128 

the bonnet. Before returning to the engine 
it flows through small pipes cooled by air 
from a fan driven by the engine. 

(«) When a burning candle is placed 
inside a chimney in a w'ay that does not 
allow air to enter through the bottom (Fig. 
129) the flame soon goes out owing to lack of 
oxygen. If a T-shaped cardboard or metal 
sheet is placed as show'n in the figure, the 
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candle continues to burn. The insertion of the sheet makes; 
possible the flow of convection cui'rents. 

(vi) Ocean currents are convection currents due to unequal 
heating of the water masses in the oceans by heat from the sun. 
Winds are also huge convection currents. 

137. Radiation 

In radiation heat passes from one body to another without the 
help of any material medium. The vast distance of 93 million 
miles from the sun to the earth is a void. (The density of matter 
in this region does not exceed one or two molecules per c.c.). 
Heat cannot therefore come from the sun to the earth by con¬ 
duction or convection. It reaches the earth by radiation. In 
reaching the earth, heat from the sun passes through the earth’s 
atmosphere ; but this does not heat the air. Maxwell defined 
radiation as the transfer of heat from a hot body to a cooler body 
without appreciable heating of the intervening space. 

Experiment to show transference of heat by radiation : A heating 

coil is suspended inside a bell jar through 
its lid (Fig. 130). Air from inside the jar 
can be pumped out by an exhaust pump. 
A thermometer is placed outside the jar. 
As the pump works a vacuum is created 
within the jar. The thermometer still 
show.? a rise in temperature. There is 
no medium in the bell jar and as such 
the transference of heat by conduction 
or convection cannot take place. So there 
must be a tliird process by which heat 
is transferred. This process is radiation. 
The form heat energy assumes when 
Fig. 130 if is transferred from one body to 

another by radiation is called radiant heat, radiant energy or 
sometimes simply radiation. We now know that it is of the same 
nature as light and has all properties of the latter except that 
it does not produce the sensation of sight. Light and radiant 
heat travel with the same speed, i.e., 1,86,000 miles per second. 
During a total solar eclipse, darkness is accompanied by a fall 
in temperature. 

Absorption emission of radiation. The amount of heat 
lost from a body by radiation depends on 

(a) its temperature and that of the surroundings, being pro- 
portional to the difference when it is not large ; 
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(6) the nature of its surface ; 

(c) the area of the surface ; and 

(d) the time. 

When radiant heat falls on a body a p.art of it, depending on 
the nature of the material and the surface, is absorbed. 

[t lias been found t hat good absorbers of radiation are also 
good emitters. Black is a better emitter or absorber than white. 
Th.ere is thus good reason for wearing white clothes in the tropics. 
A rough. surf;i,(*e absoT’bs or emits radiation more tlian a polished 
surface. Calorimeters, therefore, h.ave polished surfaces so that 
loss or gain of heat by radiation may be a minimum. 

Prevost’s Theory of Exchanges. It will be wrong to assume 
that a body does not radiate unless it is heated. When a slab 
of ice is susjtendcd in a va(juum so as to reduce to a minimum 
the gai?! of heat by conduction and convection, it receives heat 
by radiation from tlie surroundings (if at a higlier temperature 
than that of ico) and melt.s. If dry-ice (solid carbon dioxide) is 
similarly kept surrounded by ice, it evaporates. It cannot be 
logical to assume th.at ice radiates in the latter case, but not 
in the former. It is more reasonable to think that radiant energy 
is given out by ice in both cases. Melting takes place in the 
first case because the ice receives more heat by radiation than 
it gives out. In the second case, it gives out more heat by 
radiation to the dry-ice than it receives from the latter. In fact, 
“all bodies radiate heat and an exchange of radiation takes place 
between bodies at different temperatures. When a body emits 
more radiation than it receives from its surroundings, it cools. 
When a body receives more radiation than it emits, it w.arms up. 
When the radiation emitted is equal to the radiation absorbed, 
the temperature of the body remains constant. Even when 
equilibrium of temperature has been reached an exchange of 
radiation continues”. The above idea of cx^^^.ange of radiation 
between bodies at the same or at different temperatures is due 
to Prevost (l7ol-1839), professor of physics at Geneva. It is 
known as Provost's theory ojexchanges. 

The vacuum flask. A vacuum or thermos flask (Fig. 131) con¬ 
sists of a double-walled vessel made of glass or metal. The air 
in tlio space between the walls is pumped out and the surfaces 
hounding the vacuum are silvered like a mirror. Heat cannot 
get across the empty space by conduction or convection since 
both of those require a material medium. 

12 
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If there is a hot liquid in the flask, it loses little heat by 

conduction or convection. Heat loss by radiation from the inner 

wall is minimized by the silvering. The silvered 
outer wall being a poor absorber and a good 
reflector, returns the heat radiated by the 
inner wall back to the liquid. The same con¬ 
sideration apply to the entry of heat from 
the surroundings when the flask contains a 
cold liquid. Thus a liquid in the flask keeps 
w'arm or cold for a long time. 

It should be noted that conduction and 
radiation cannot be entirely eliminated. A 
slow pasisage of heat due to the.se causes 
cannot be prevented. Hence the temperature 
of the liquid approaches that of the sur¬ 
roundings very slowly. 

Fig. 131 

Ezeroises 

1. Illustrate with suitable examples the different methods of 
transference of heat. Bring out clearly the difference between 
them. 

2. How would you show that different substances have 
different conductivities ? 

y 

3. Draw a sketch of Davy’s safety lamp. Explain the use of 
the wire gauze surrounding the flame, 

Ai. Give three examples of convection currents where thf^y are 
made to serve some useful purpose, 

•distinguish between conduction and convection. 

5. Draw a neat sketch of a thermos flask, labelling clearly the 
silvered walls. Explain how heat transference is minimized in it 
when there is ice inside. 

6. Hot water is placed in two identical jugs, one with a polished 
white surface, and the other with a black surface. Which one 
will cool more quickly and why ? 

T. Clouds prevent loss of heat by radiation from the earth’s 
surface. How does the presence of night clouds affect formation 
of mist or fogi 
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8. Answer why: 

{%) The squirrel wraps its bushy tail round its body during 
its winter sleep. 

(it) Birds puff their feathers out on a cold day. 

(tit) A hen» wishing to sit on eggs to hatch out chicks, casts 
feathers from her breast. 

(iu) A house with a straw roof keeps cool in summer and warm 
in winter. 



CHAPTER 19 

HEAT AND WORK 

138. Heat is a Form of Energy 

To the question ‘What is heat’ we may answer by saying that 
‘Heat is a form of energy ; it is not matter’. A body weighs the 
same whether it is hot or cold. If heat were a form of matter, 
the body would have weighed more when hot. 

It is more difficult to demonstrate that heat is a form of energy. 
We have, liowever, been led to this conclusion by a variety of 
phenomena. When we hammer a piece of metal or bend a wire 
back and forth, it gets hot. Pressing a piece of steel on a grinder 
produces a crop of sparks. Examples of this kind wliere heat is 
produced by motion can be multiplied without limit. Steam engines 
(and other engines too) produce motion from heat. All these 
show that kinetic energy and heat are intimately related and one 
may be converted into the other. Heat must, therefore, be a 
form of energy. We now associate heat with the kinetic energy 
of motion of molecules. As the temperature rises, the kinetic 
energy of a molecule—^whether in a solid, liquid or gas-—also 
increases. Radiant heat, however, is a form of energy which 
exists apart from matter. 

139. The Mechanical Equivalent of Heat 

When we rub our hands together heat is produced; friction 
alw'ays produces heat. This shows that mechanical work can 
be converted into heat. The equivalence between heat and 
mechanical work was established by Joule whose experiments 
show that {i) work can be fully converted into heat and (ii) 
whenever mechanical work is fully converted into heat, the heat 
generated is directly proportional to the work done. The equi< 
valence is independent of the way in which the work is derived 
or the means by which the transformation from "work to heat 
is brought about. 

If W units of mechanical work, on full conversion into heat, 
produce H units of heat energy, then 

W 

= constant =J 

where the constant J is called the mechanical equivalent of 
heat or Joule’s equivalent. The numerical value of J however 
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depends on the units in which W and H are expressed. If W 
is in ergs and H is in calories, 

J —4*2x 10’ ergs per calorie. 

This means that when 4*2 x 10’ ergs of work are fully converted 
into heat, the heat developed is one calorie, which can raise the 
temperature of 1 gm of water I'C. 

If W is in joules and H in calories, we have 

jr=:4-2 joules per calorie. 

If W is in foot-pounds and H in British Thermal Units 

,7-778 ft. lb per B.Th. U. 

If H is measured in lb."(7 (centigra<le heat unit) 

J-1400 ft.lb per ]b.°(7. 

Thus if 1400 ft.lb of mechanical work, derived iii any way, 
be fully converted into heat, it will raise the teniperature of 1 lb 
of water l°C. 

140. Joule’s Experiment for the Determination of J 

The first exact determination of the mechanical equivalent of 
heat was made by Joule 
with the apparatus shown 
in Fig. 132. (7 is a cylin¬ 
drical copper vessel con¬ 
taining water. Four radial 
partitions or vanes are fixed 
vertically inside the cylin¬ 
der. A paddle can be rota¬ 
ted in the water about a 
vertical spindle {S). It car- Fig. 132 

ries eight sets of vanes which pass through spaces cut in the 
radial partitions as the paddle rotates. In the figure tlie radial 

partitions are r 'presented by and 
the movable vanes by V*. Fig. 133 
presents a diagrammatic view of the 
cross section of the cylinder. To turn 
the spindle (6’) it is attached by a 
pin (P) to a rod (i2). Two threads 
wound round the rod (R) pass over 
two pulleys (Pp Pj) and may be 
loaded at the other ends with 
known weights. 

When the weights are allowed 
to fall under gravity, the rod 
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rotates and so does the paddle. As the water is churned its 
kinetic energy is destroyed at the radial vanes (FJ and converted 
into heat. When the weights reach the ground, the pin (P) is 
detached and the weights are wound up again by turning a handle 
attached to the rod (R). As the churning continues water is 
gradually heated. 

The elevated weights possess potential energy. When they 
reach the ground they have some kinetic energy. The diiference 
of the two energies gives the kinetic energy imparted to the 
water. This is converted into heat. 


Let the mass of each load attached to a string = m gm, 

distance through which each weight falls = h cm, 

acceleration due to gravity = g om/sec®, 

total number of times each weight is made to 
fall = n, 


speed of a weight when it reaches the ground = v cm/seo, 
water-equivalent of the calorimeter with 
contents 

initial temperature of the water 
final temperature 

Then, the potential energy of the weights 
their kinetic energy at the end of the fall 
the mechanical energy converted into heat at 
each fall 

the total energy converted into heat in n falls 
the total heat developed 


= W gm, 

== t, 

= ^G. 

= 2mgh, 

— 2 XI wv®, 

= m (2gA—c®), 
= mn{2gh—v^)t 
= W (U-Q. 


• J — uaechanical work transformed _ mni2gh—v^) 
~ heat generated W 

Corrections were made for the frictional losses and the loss 
due to radiation from the calorimeter. As in all calorimetric 
work, conduction and convection were minimized. 

In one of Joule’s experiments the weights were 30 lb each 
and fell 20 times in all, each time through an effective height 
of 6| ft. The water equivalent of the calorimeter and its con¬ 
tents was 14 lb and the rise in temperature, 0’69®F. 

Heat generated = 14x0'59=8'26 B.Th. U. 

Work done = 2 x 20 X 30 lb. X 5^ ft. =6400 ft. lb, 

whence J = 6400 ft. lb. -r-8*26 B.Th. U. 

= 776-7 ft. Ib/B. Th. V. 

More accurate experiments to find the value of J were per¬ 
formed by Callendar, Rowland and others. 
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141. Heat Engines 

We have considered the conversion of mechanical work into 
heat. The reverse transformation, i.e., the conversion of heat 
into mechanical work is also possible. When heat is converted 
into work the same equivalence holds ; for every calorie of heat 
converted into work wo shall get nearly 4 2 joules. 

Any device which converts heat into work is called a heat 
ei^ine. The steam and the automobile engines, with which we 
arc familiar in our every-day 1 ife, arc examples of heat engines. 
But they arc not the only ones of their kind. Gas turbines, jet- 
propelled engines and even the human body are examples 
of heat engines. 

Principle ot the heat engine. Heat engines, as we ordinarily 
know them, contain some substance, vjorking substance, 

which takes in heat from a source at a relatively high temperature. 
From the state of high pressure at this high temperature it falls to 
a state «)f lower pressure, and in so doing does an amount of 
work, say, by pnshitig a piston. The heat equivalent of the work 
comes from the working substance itself .and it is cooled to some 
extent. After having done the Avork the working substance gives 
out heat to another body, called the sink, which is at a lower 
temperature than the source. It again takes in heat from the 
source, does work, and hands over the balance of the heat to the 
sink. The process goes on in a cyclic order. We may say that in 
letting doAvn heat from a higher to a lower temperature, a part 
of it may be converted into work under appropriate conditions. 

If the heat absorbed from the source is and that given 
out to the sink is Q^. the difference Qi—Q^. has been converted 
into work. The magnitude of the w'ork is 

W^-J 

The ratio is called the thermal efiGiciency of the engine. 

Qt 

If the heat is absorbed at °K and given out at T* it may be 

shown that the efficiency cannot be greater than — 

142. The Steam Engine 

The steam engine is one of the commonest and earliest forms 
of heat engines. Its action is as follows : 

Action. The heat obtained by burning coal in a furnace vapori¬ 
zes water in a boiler. The resulting steam is superheated and 
passed at a high temperature and pressure into a cylinder, where 



184 


HBAT 


it forces a piston to move. It is in this process that heat is con- 
verted into work, and both the temperature and .pressure of the 
steam diminish. The steam is then made to enter at the other 
end of the cylinder and pushes back the piston. Each time the 
piston is moved the steam does work and the exhaust steam 
passes out of the engine at a much lower temperature and pres¬ 
sure than that at which it entered. The to and fro motion of the 
piston is converted by a suitable device into the rotary motion 
of a shaft. This rotation is communicated by means of belting 
etc., to the machinery which the engine is required to drive. 

The action may be understood by reference to Fig. 134 which 
reproseuts a steam engine, greatly distorted in order to show 
how it works. 

Description. High pressure, superlieatod stc'am enters the 
slide valve chest (SC) through the steam pipe (SP). Its further 
progress is regulated by the slide valve (F) which moves back¬ 
wards and forwards over three openings (>Sfp X, S^) called ports. 
The outer ports [(*S\) and (^Sf^)] lead to the ends of the cylinder 
(0), while the central one, the exhaust port (X), goes round 
the back of tlie cylinder into the exhaust pipe (EP). 

The piston (P) is within the cylinder. The piston rod (PR) 
is fixed firmly to it. The valve rod (Vli) is fixed to the slide 
valve. At the places where the piston rod (PR) ami the valve 
rod (VR) come out of the cylinder and the slid<? valve chest respec¬ 
tively, arrangements kno»^Ti as stu;ffing boxes (SB) are provided 
to prevent leakage of steam. 

Action of the slide valve. When the slide valve is in the position 
shown in Fig. 134, steam enters the cylinder througli the port 
St and pushes the piston in front of it. The port S.^ and the 
exhaust port X are /low in communication. Any exhaust steam 
which might be there on the other side of P i)asses tliroiigh S^, 
and X, and leaves the engine through the exhaust pipe EP. 

The position of the piston controls the position of the valve 
(F). When the piston (P) has moved about one-third of its way 
down to the other end the valve (F) slides and closes one of the 
• ports (S,). No more steam can enter the cylinder (C) now. 
The steam which had already entered expands ami docs work in 
pushing the piston in front of it. It also cools in the process, 
the heat being converted into work. When the piston (P) moves 
to the extreme right the valve (F) slides furthcr> opens the port 
to the right (S^) and puts the other port (S^) into communica¬ 
tion with the exhaust port (X). Steam then enters tlirough the 
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poi;t to the right {S^) and the same process as above is repeated. 
The piston thus gets a to and fro motion. 


e o 



F!g. 134. .9P-=:Steam pipe; Slide valve chest; r-= Slide valve; 

^,.A’a-Stearn ports ; A= Exhaust port; PP-Exhaust pipe; 

C-Cylinder; P- Piston ; PP = Piston rod ; 

VR Valve rod ; Stuffing box ; 

Efficiency. Only a part of the heat obtained by burning coal 
in the furnace is converted into work. A rough estimate of the 
relative heat losses in a steam engine is as follows ; 

Heat escaping through the chimney 10% 

Heat lost by radiation 15% nearly 

Heat carried by the exhaust steam 58% 

Heat converted into work 17% 

In spite of high pressure boilers and superheated steam the 
efficiency of a steam engine hardly exceeds 20%. Modem 
locomotive engines hardly reach an efficien*’y of 10%. 

143. Inteinal Combustion Engines 

In a steam engine the combustion of fuel takes place outside 
the cylinder; it may therefore be styled an external combustion 
enginie. An internal combustion engine is one in wluch the 
combustion of the fuel is carried out in the engine cylinder. The 
fuel employed may be gaseous, such as lighting gas, power gas, 
petrol vapour etc., or a liquid, such as a fine spray of 
a combustible oil. According to the nature of tlio fuel they are 
sometimes called gas engines, petrol engines or oil engines. 

The efficiency of an internal combustion engine is generally 
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higher than that of a steam engine. In such an engine the heat 
produced by the combustion of the fuel in the cylinder is so great 
that the cylinder has to be cooled externally to carry away 
much of the heat. 


144. The Petrol Engine 

It is an internal combustion engine which burns petrol vapour 
inside the cylinder. Fig. 135 represents diagrammatically the 
essential parts of a petrol engine. 

Description. Its cylinder {Cy) is open at one end. B<^yoiid the 
other end of the cylinder there is a space equal to about 
one-fifth of the volume swept out by the piston. This is 
called the clearance space. In this space arc located two valves 
(J. F. and E.V.) and the spark plug (S.P.). The first valve, 
called the inlet valve (I.V.), admits a mixture of air anti 
petrol vapour into the cylinder. The other {E. V.) is the 

exhaust valve which lets out the spent 
gases after combustion. Tlie spark plug 
provides an electric spark to ‘fire’ or 
explode the mixture 

Action. The action of the engine is 
started by sotting the crank shaft 
into rotation by haiwl c)r some 
suitable starting device. The action 
of the engine consists of a successive 
series of changes which are repeated 
so long as the engine runs. Six steps 
may be distinguished in the cycle 
of changes, of whichare motions 
of the piston and are called strokes. Whereas in a steam engine 
each stroke is a working stroke, we shall see t}»at of the four 
strokes in the cycle of changes in a petrol engine, only one is a 
working stroke. We now describe this cycle which is known as 



Fig. 136 



Fig. 136 


the Otto Cycle. It is represented digrammatically in Fig. 136. 
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(t) The first step is the first stroke or the charging stroke 
(briefly, * suction*). As the piston corainences its outward motion 
the inlet valve opens and a combustible mixture of petrol vapour 
and air (the ‘charge’) from the carburettor is drawn into the 
cylinder. The exhaust valve is closed. The fly wheel supplies the 
energy necessary for the stroke (Fig. 136, I). 

(n) The second step is the second stroke or the comprcBSing 
stroke (briefly, "compression'). Owing to the inertia of the fly¬ 
wheel the crank is carried round and the piston moves in. Both 
valves are closed. The piston compresses the charge into the 
clearance space (Fig. 136, II). The pressure and the temperature 
of the compressed mixture rise consi<lerab]y. The fly-wheel 
supplies the energy necessary for compression. 

{in) The third step consists in the firing of the exj)losive 
mixture by an electric spark from tlie spark plug. The pressure 
and temperrtiire rise to very l»igh values. (This step is to be 
looked upon as tlxe absorption of heat from t he source by the 
working substance. The explosive combustion of petrol vapour 
liberates a large amount f)f heat in the cylinder). 

(iv) The fourth step is the third stroke or the working stroke 
(also called the 'power stroke’). The hot gases at high pressure 
force the piston outwards (Fig. 136. Ill). Th.e gases do work 
and fall in temperature and pressure. Part of the heat tliey con¬ 
tain is converted into work. 

{v) The fifth step is the opening of the exiiaust valve after 
the piston has completed its outward motion during the working 
stroke. The spent gases, yet very hot, rush out of the cylinder 
through the exhaust valve. (This step may be looked upon as 
the letting out of heat by the working substance.) 

(v») The sixth step is the fourth stroke or the exhausting stroke 
(also called the "scavenging stroke’). The exhaust valve remains 
open throughout the stroke. As the piston noves in, it pushes 
the spent gases out through the exhaust valve. The fly-wheel 
supplies energy during this stroke. (Fig. 136, IV) 

At the end of this stroke the exhaust valve closes, the inlet 
valve opens and the engine is ready to begin its next cycle again. 

For such points as the mixing of fuel in the right proportions, 
the arrangement for the best timing of the spark and the opening 
and closing of the valves, the reader should consult a book on 
heat engines. 

Efficiency of engines. The petrol engine of a motor car has 
an efficiency of about 25%. Diesel engines, a class of internal 
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combustion engines which use liquid fuel and bring about 
combustion not by a spark but by high compression of the air, 
reach an efficiency of about 35%. In steam turbines, another 
class of heat engines, the efficiency is about 25%. Modem jet- 
propelled engines have an efficiency of about 10% ; but it is 
being improved rapidly. 

A rough estimate of the heat expenses on different accounts of 
a petrol engine is as follows : 

Heat lost from the cylinder by conduction, 


convection and radiation 36% 

Heat passing out of the exhaust valve 35% 

Heat loss due to friction 8% 

Heat converted to work 21 % 


The human body is also a heat engine where food is the fuel and 
generates heat within the body by ‘burning’ (i.e. combining with 
oxygen). 


Exercises , 

1. What reasons have w-e to think that heat is a form of energy ? 

2 Wliat do you mean by the expressioir tliat the mechanical 
equivalent of heat is 778 ft. lb. per B.Th. U. ? 

Briefly relate how this quantity has been determined. 

3. Explain with the help of a neat diagram the action of a 
steam engine. 

4. Draw neat diagrams to illustrate the ‘strokes’ of a petrol 
engine, and briefly describe how the engine acts. 

5. A mass of 10 gm moving with a speed of 300 metres per 
sec. is suddenly brought to rest. If the whole of its kinetic 
energy is converted into heat, fintl (i) the heat developed and 
(»*) the rise in temperature of the body assuming that the heat 
developed is fully retained by it. (Sp. heat = 03). 

{Ans : 107-1 calories ; 357°C.) 

k 6. Water overflows a spillway of height 975 ft. Calculate the 
rise in temperature of the spilled w^ater at the foot over that at 
the crest. J=780 ft. lb. per B. Th.U. (Atis : 1’25°F) 

7. Earth’s atmosphere retards the speed of a 42 kgm meteor 
from 18 kilometres per minute to 3 kilometres per minute. 
Calculate in calories the heat developed due to the change in 
speed. J=4-2xl0’ergs/calorie. (Aws : 437600) 
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LIGHT AND ITS RECTILINEAR 
PROPAGATION 
145. Introductory 

Light iM the external physical agency which produces the 
sensation of sight. AVIuni light from an object enters the eye 
and reaclies a screen, called the reiina, placed to the rear of the 
eye, it excites the nerve endings with which the retina is copi¬ 
ously supplied. Due to this excitation electrical impulses are 
carried along the nerves to the brain and give rise to sensations 
of brightness and colour. Unless light from an object reaches 
the eye, the object cannot be seen. Light itself is invisible. 

Some Definitions. A body whicli emits light, such as the sun, 
a lamj), a caiidle-flamc etc., is a self-luminous body or a source 
of light. Most bodies are however non-luminous. They are made 
visible by the light wliicdi they receive from self-luminous 
bodies. 

A substance through which light passes is called a medium. 
When the properties of tbe medium are the same at every point, 
it is called a homogeneous medium. If the properties vary, the 
medium is heterogeneous. A medium is said to be traosiiareilt 
when bodies can be seen distinctly through a sheet of the medium. 
A substance through which light cannot pass except when the 
thickness is very small, is called opaque. There are substances 
through which light can pass to a greater extent, but objects 
cannot be seen clearly. Such substances are called translucent. 
Ground glass, oiled paper etc. arc examples of translucent 
substances. 

The path along which light travels in going from one point 
to another is called a ray. In a homogeneous medium a ray 
may be represented by a straight lino with an arrow-head indicating 
the direction in which the light travels. A group of rays taken 
together is called a pencil of rays. A group of parallel rays is 
called a parallel pencil [Fig. 137 (i)]. If the rays proceed to 
meet at a point, it is called a convergent pencil [Fig. 137 (ii)]. 
Wlicn the rays of a pencil move outw^ard from a point they 
constitute a divergent pencil [Fig. 137 (iii)]. The point F of 
convergence or divergence of the pencil is called its focus. 

When the dimensions of a source of light are very smaU com-* 
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pared with the distances involved it is called a point sonice. 
A star is a point source of light though it is millions of times 



fiii) 
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bigger than the earth. 

To see any point of an object a 
pencil of rays from the point must 
reach the eye. When the object is 
self-luminous every point of it radiates 
light in all directions. Light travels out¬ 
wards with a velocity of 186,000 miles 
per second, or in egs units, 3 X 10‘° 
cm per second. When light falls on 
a non-luminous object some of it is 
scattered in all directions. If any of 
this scattered light reaches the eye of 
an observer he sees the object. 


146. Beotilinear Propagation of Light 

In a homogeneous medium, such as air, light travels from 
one point to another in a straight line. This behaviour of light 
is known as rectilinear propagation. It can be simply demons¬ 
trated as follows. 

(i) Fasten one end of a string to a hook in a fixed post and 
pull the string to make it taut. Look along the string. You 
will see the hook to which the string is fastened. If you look in 
any other direction you do not see the hook. This shows that 
the light from the hook reaches your eye along a straight line. 

(ii) Take three or more cards w'ith a small pin-hole in each of 
them (Fig, 138). Pass a thin metallic wire through the holes and 
keep the wire stretched. Clamp 
the cards in position at a distance 
from one another. Cut ofiE the wire 
and remove it, taking care that the 
cards are in no way displaced. If 
the wire did not sag under the 

• weight of the cards, clearly the 
pinholes would be in a straight 
line. If a candle-flame is placed 
in front of the hole in the first Fig. 138 

card an observer will see the light through the series of holes. If 
any of the cf^rds is displaced ip its own plane ligh,t can Hp longer 
l>e sooQt 
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The medium which extends between the source and the 
observer’s eye is air. Over such a small region air is homogeneous. 
The experiment therefore shows that in a homogeneous medium 
light travels in a straight line. 

(iii) When a small obstacle is placed between an observer’s 
eye and a small distant source of light, the latter is cut off from 
view. This also shows that light travels in straight lines. 

(iv) Most of you would have noticed the sun shining into a 
room through a small hole in a window. If dust particles are 
stirred up in the room they make the path of the sun-light visible. 
You will find that this path is straight. The path of the light 
can also be made visible by blowing smoke. 

147. The Pin-hole Camera 

An interesting application of the property of rectilinear pro¬ 
pagation of light is the pin-hole (^mera. To understand its 
action make a small hole H (Fig. 139), about one millimetre in 
diameter, in an opaque screen 8 and place a luminous body> 
such as a candle-flame AB, on one side of it. On the other side 
place a ground glass screen 0. 

A narrow pencil of rays start- 
ing from each point of the 
source will, after passing thro¬ 
ugh H, form a small patch 
of light on G. An image A'B' 
will, therefore, be formed on 
G. It will be inverted because 
the rays from different points 
on A B cross one another at H. 

If the hole H is gradually increased in size, the patch of light 
formed on G by the pencil of rays starting from any point of 
AB also grows larger. The image becomes more and more 
blurred duo to the superposition of light fro. a different points of 
the object. Distinctness of the image, therefore, diminishes 
with increase in size of the hole. Brightness of the image,how- 
ever, increases with increase in size of the hole, as more light 
now roApches the screen 0. 

The above explains the action of the pin-hole camera. It con¬ 
sists of a light-tight box with a small hole at the centre of one of 
its walls. On the opposite wall is placed a photographic plate to 
receive the image. As the light passing through the hole is 
very small, a long exposure, of about half-an-hour, is required, 
1^0 focusing is nece^sar^ as in the ordinary camera, 
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148. Circular or oval Patches of Sun-light beneath Trees 

We have just seen how a small hole forms an inverted image of 
an object. The shape of the hole does not affect the image if the 
image is received on a screen at a reasonable distance from the 
hole. The circular or elliptic patches of light seen on the ground 
beneath a tree are images of the sun formed by the stm-light 
passing through the interstices of leaves. When the beam strikes 
the ground perpendicularly, the image is circular. When it falls 
obliquely on the ground, the image is (dliptic. The shape of an 
interstice through which tlie light passes, does not affect the 
appearance of the image; but its size determines the brightness 
of the image. 

Such patches arc often seen in a room when the sun shines 
through a small hole in a door or a window. 

149. Shadows 

Another consequence of rectilinear propagation of light is 
the formation of shadows. 

A. Point source of light. When an opaque body ABi^ placed 
in front of a point source 8 of light and a screen PQ i»ut up at a 
distance behind the obstacle, a sharp shadow is cast on it. No 
point within MN receives any light at all (Fig. 140). 



B. Source of finite extension. When the source of light has a 
finite size, the shadow it casts of an opaque body, consists of 
a central region of perfect darkness, called the umbra, and a less 
dark outer region, the penumbra. No rays from any part of the 
source reaches the umbra. A point on the penumbra, however, 
gets light from some part of the source. Away from the umbra 
the illumination gradually increases till it reaches the full bright¬ 
ness outside the shadow. The shadow is never sharp. 

(i) Source smaller than the obstacle. 88' is the source, AB 
the obstacle and PQ the screen (Pig. 141). The points between 
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M and N are in perfect darkness and constitute the umbra. The 
region inside M'N' but outside MN will be less dark. It is the 



Fig. 14] 


penumbra. The penumbra shades into the complete darkness 
of the umbra on one side, and into complete brightness outside 
the shadow on the other. 

(ii) Source largerjthan the obstacle. It is clear from iig. 142 
that the umbra forms a cone tapering to a point behind the 



Fig. 142 

object. ABF is the timbral c<me> The size of the umbra depends 
on the position of the screen. Beyond the point F the whole of 
the shadow consists only of the penumbra. Viewed from a point 
within the extension of the umbral cone the source looks as shown 
in fig. 142 (6), lower diagram. From a point in the penumbra tho 
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source looks as in the upper diagrafn of fig. 142 (6); but the size 
of the crescent changes with position. 

150. Eclipses 

Eclipses are due to the shadow of one celestial body falling on 
another. 

A. Lunar eclipse. The shadow of the earth cast in space 
by the sun consists of an umbral cone surrounded by the pen¬ 
umbra (Fig. 143). Fig. 144 shows tlie sun 8, the earth E, the moon 



Fig. 143 

(The sun in 03 million miles away from the earth and 109 earth diameters 
across. The moon is a quarter million miles away and onc-fourth of the earth 
in diameter. The length of the umbral cone of the earth is about 8‘7X 10* ] 
miles, and it is 6000 miles across at the distance of the moon. 

The large differences in magnitude make it impossible to draw a diagram 
to scale within a small oompaas and yet to show the details clearly. Fig. 143 to 
147 are, therefore, schematic.) 



Fig. 144 

M and tjie umbral cone .of the earth, are the limits of the 
pcnilmbral region; ^ are the limits of the umbral cone. 
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If the moon during its motion round the earth enters the 
umbral cone an eclipse occurs. When the moon lies entirely 
within the umbral cone (t.e., within u^) the eclipse is total. 
When it is partially inside and partially outside this cone, eclipse 
is partial. As the moon moves from p, to «, the light it gets 
from the sun gradually diminishes. So the onset of an eclipse 
is preceded by a diminution in the brightness of the moon. But 
this very often goes unnoticed. 

Lunar eclipses can occur only at full moon, when the earth 
is between the sun and the moon. The orbit of the moon is 
inclined at about 5’ to the orbit of the earth. The path of the 
moon may therefore lie entirely outside the shadow cone of the 
earth and w'e may not get an eclipse at a full moon. There are 
two points at u'bich the path of the moon cuts the plane of the 
earth’s orbit. These points are called the jtodes. The line joining 
the nodes rotates slowly. A lunar eclipse takes place only when 
the nodes, the sun and the earth are in one line, while the moon is 
at or near the node farther from the sun. 



Fig. 145 

B. Solar eclipse. The shadow of the moon cast in space by the 
sun consists of an umbral cone surrounded by a penumbra 
(Fig. 145 & 146). At a now moon, when the moon is between the 
sun and the earth, the shadow of the moon may fall on the 
earth and cover a part of it. From a place on the earth 
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covered by the wmbral cone of the moon, no part of the sun 
can be seen. At such places (area T\ fig. 146) we have a 
total solar eclipse. As the earth is very near the apex of the 
moon’s umbra, only a small area can have a total eclipse at 
any instant. 

From places covered by the penumbra, (area PP, lightly 
shaded ; fig 146) only a part of the sun^will be seen. Such places 



Fig. 146 

wdD, therefore, have a partial solar eclipse. An area of total 
eclipse is surrounded by a wider area of partial eclipse. 

A solar eclipse does not take place at each new moon. For 
though the moon passes between the sun ind the earth at a new 
moon, it may be above or below the line joining the other two. 
Hence its shadow may not fall on the earth. A solar eclipse 
takes place only when the nodes, the sun and the earth are in one 
line, while the moon is at or near the node closer to the sun. 

Annular solar ecUpse. The path of the moon round the earth is 
an ellipse. The length of the umbral cone of the moon has a value 

intermediate between the 
maximum and minimum 
distances of the moon from 
the earth. If at a solar 
eclipse the earth is more 
distant from the moon than 
the apex J (Fig. 147) of the 
umbral cone the eclipse will 
be annular over the region of 
the earth’s surface lying within the extension AB of the umbral 
cone. For any point within this region the moon cuts off light 
from a circular region of the solar disc, and the sun looks as in 
the lower diagram of fig. 142 (6). The eclipse is said to be annular. 
In the penumbral region A A' and BB' (Fig 147) of the earth the 
eclipse is partial. 
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To have an annular lunar eclipse the diameter of the earth’s 
umbral cone should be smaller than the diameter of the moon. 
The moon has, therefore, to be much farther away from the earth 
than at present—in fact, over three times its present distance. 


1. Hdw would you demonstrate that light travels in straight 




lines in a homogeneous medium ? 


Tilxplain with a diagram the action of a pin-hole camera. 
What would be the effect if the size of the pin-hole is increased 1 

3. what are umbra and penumbra ? Explain their formation 
when the source of light is larger than the obstacle. 

4 ^What is an umbral cone ? In a dark room there is a hollow 
glass globe of 2" diameter containing an electric bulb. An opaque 
ball of Y diameter is placed such that its centre is at a distance 
of 4 in. from the centre of the globe. Draw a diagram showing 
the umbra and penumbra and find out the length of the umbral 
cone. \>ii Tut” ewSL 

5. Explain with diagrams how solar and lunar eclipses take 
place. What is an annular eclipse ? Why cannot it occur during 
a lunar eclipse ? 

6. An aeroplane flying high up in the air may not cast a detect¬ 
able shadow on the ground. Explain why ? 

7. Light of the sun shining through the leaves of a tree form 
circular or oval patches on the ground. Expain how they are 
formed. 
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151. Photometric Concepts 

Light is a measurable quantity. Just as an electric current 
may be regarded as a flow of electric charge, light nwg he regarded 
as a flow or flux of radiant energy. Photometry is the science of 
measuring light. The concepts used in jJiotonietry may be 
understood with the help of the followinti simple illustrations. 

When a candle in a room is replaced by an electric lamp the 
latter sends out a much larger quantity of liglit into the room. 
More light flows out of the electric lamp than the candle. In 
other wcrds, the electric lamp produces a much greater flow or 
flux of light, i.e. luminous flux, than the candle. 

When the electric lamp is the source, the amount of light 
falling on different objects in the room is greater than when tjie 
candle is the source. In other words, illumination is increa.scd. 

152. Photometric Definitions 

The above concepts lead to the following dofinitions : 

(i) Luminous flux. The quantity of light energy which a source 
sends in unit time through a surface is called the luminous flux 
through the surface. 

(ii) Luminous Intensity or Dluminating Power. If all lumi¬ 
nous sources emitted light equally in all directions the power of 
any source could be specified by the total luminous flux it emits 
(i.e., sends through a closed surface surrounding it). But this is 
not generally the case. It is therefore necessary to have scjmo 
means of specifying the rate at which a source emits light in 
any given diredion. The quantity luminous intensity is intro¬ 
duced to meet this necessity. 

Luminous intensity or illuminating power of a source is defined 
as the quantity of light energy which the source sends in unit time 
through unit area placed perpendicular to the rays at a distance 
of unity from the source. 

Units of luminous intensity and flux. The unit of luminous 
intensity (or illuminating power), as originally defined, is the 
can^, which is the luminous intensity or illuminating power 
in a horizontal diredion of a spermaceti candle, six to the pound, 
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burning at the raie of 120 grains per hour. This unit was long 
ago found to be very unsatisfactory. It has now been replaced 
by the international standard candle, which is one-tenth of the 
intensity at right angles to the flame of a Vernon-Harcourt pen¬ 
tane lamp burning under prescribed conditions of humidity and 
pressure. The lamp burns pentane vapour mixed with a certain 
definite amount of air. Under defined conditions it provides a 
very constant source of liglit. The luminous intensity of any 
source of light measured in terms of this standard is called the 
international candle power or simply candle power of the source. 

The unit of luminous flux is the lumen. It is defined as the 
luminous flux passing through unit area of a ftphere of unit radius 
from a uniform point source of one candle power situated at the 
centre of the sphere. As the total area of a unit sphere is Atz, the 
total luminous flux from a uniform source of one candle power is 
47r lumens. 


(iii) Illumination or intensity of illumination of a surface is 
defined as the quantity of light energy falling normally per unit 
area per unit lime. To obtain its measure divide the total lumi¬ 
nous flux falling normally on an area by tlie area. 

The unit of illumination (or intensity of illumination) might 
have been one lumen per square centimetre 
(called the phot) \ but it is an imprac¬ 
ticably large unit. The unit in use 
is the lux (or the metre>candle). It is 
the illumination produced on a surface 
at a distance of one metre from a point 
source of one candle power the surface 
being normal to the rays. Note that 
this is one lumen per square mdre. When the surface is held 
at a distance of one foot from a point source of one candle power, 
the resulting illumination is one foot-cand!e or one lumen per 
square foot. The illumination of OPQH in fig. 148 is 1 foot- 
candle. 



Fig. 148 


1 lux~l lumen/sa* metremetre-candle 
1 pliot=l lumen/sa. cm. =10^ lux 
1 foot-candle=1 lumen/sq. ft. =^10*764 lux 


(iv) Brightness. Tlie idea of luminous intensity is appli¬ 
cable only when the source is so small that it may be treated as 
a point. For extended sourees the corresponding quantity is 
called ‘brightness’. The brightness of an extended source in 
a given direction is defined as the amount of light energy emitted 
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the screen. The distances of one or both of the sources are then 
adjusted so that both the shadows appear equally bright. Since 



Fig. 151 

each shadow is illuminated by liglit from only one sour(5e, we 
have, when the shadows arc equally bright, /,/r,“ =:=IJr./ 
where J, and I, are the intensities of the sources and r, and 





Fig. l.'52 


their distances from the screen respectively. The sources should 
be placed close to the normal from R on S, so that incidence of 
light on 8 may bo practically normal. Tlxe experiment must be 
performed in a dark room. 


156. Direct reading Photometers 

The usual photometric methods make use cf the eye as the 
instrument of comparison. Various electrical effects produced by 
light can also be used for the purpose. One such effect, known 
as the photO’VOltaic effect, has led to the development of a direct 
reading instrument which indicates the illumination which a 

screen on it receives. The screen con¬ 
sists of a thin layer of cuprous oxide on 
a copper plate, covered with a thin 
layer of metal (Fig. 163). When light 
reaches the copper oxide film through 
the thin layer of metal, electrons ard 
emitted from it and collect on the 
metal layer. The potential difference thus set up is proportional 
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to the intensity of the incident light (or the illumination on the 
surface). The potential difEerence is of the order of 1/20 volt and 
may be made to move the needle of a galvanometer on a scale 
calibrated in foot-candles. Exposure meters used in photography 
are based on this principle. 

157. Experiments on Photometry 

Experiment 38. To compare, the iritensities of two sources of 
light. 

Apparatus : A Rumford shadow photometer, two sources 
and a scale. 

Method : The experiment should be done in a dark room. Place 
the two sources in front of the photometer such that the shadows 
are formed side by aide on its screen. Adjust the distances of the 
sources so that the shadows appear to have e(|ual illumination. 

Measure the distances of the screen from the sources. Let 
/, and 7, be the intensities of the sources and r, and their res¬ 
pective distances from the screen. Then 

For accuracy, the following precautions should be taken : 

(i) The sources slxould be placed close to the normal drawn 
from the opaque obstacle to the screen so tliat the incidence of 
light may be practically normal. 

(ii) For easy comparison the shadow due to one source should 
exactly touch but not overlap the other shadow. 

(iii) The room must be absolutely dark. 

Experiment 39. To verify the law of inverse squares. 

Apparatus. A Bunsen grease-spot photometer, several lamps 

of equal candle power and a scale. 

Description. A Bunsen photo¬ 
meter consists of a white paper 
screen /S(Flg. 154) with a sharply 
defined grease spot P at the 
middle. When the screen is 
held near a window and observ¬ 
ed from inside the room the 
spot appears brighter than the 
rest of the paper. If it is viewed 
from outside the spot appears 
darker. When the illumination 
on the two sides are the same 



Fig. 154 
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the spot cannot be distinguished from the rest of the screen. 
The spot however does not entirely vanish. What we look 
for is the equality of contrast on both sides between the paper 
and the spot. To see both sides simultaneously two inclined 
plane mirrors aro placed symmetrically on two sides of the 
screen (if,, if, ; Eig. 164). ‘ 

'Method. Place two lamps of equal candle power on two sides 
of the screen P at the same distance. A photometric balance 
will bo obtained. Measure this distance. Let it be d. Keep one 
lamp fixed at JD (Fig. 165) and place three more lamps of exactly 
the same candle power close together at £,. This increases the 
illumination on one side of the screen 4 times. Keeping the four 
lampstogether move them away from L, to until a photometric 
balance is again obtained. Measure the distance of the group of 
lamps from the screen of the photometer. Let it be d'. It will be 
seen that d'=2d. 


U- d — 

.0 - 


- d .-->j 

- 0 - 

L, 

Fig. 166 
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Repeat the experiment with 9 lamps and 16 lamps. Tabulate 
to show that when distance is increased the luminous intensity of 
the source has to be increased as the square of the distance to 
keep the intensity of illumination constant. Hence intensity of 
illumination varies inversely as the square of the distance when 
the luminous intensity of the source is unchanged. 


Exercises 

1. Define illuminating power and the intensity of illumination. 
State and explain the units in which they are generally measured. 

2. What is a foot-candle ? Express it in metre-candles. A 
100 o.p. lamp is 6 ft. directly above a point. Calculate the inten¬ 
sity of illumination at the point and express it in foot-candles 
and also in metre-candles. 

(Am: 1 ft-candle=10*76 metro-candles; 4 ft-candles; 4304 
metfe-oandles). 

3. Show by an experiment that the intensity of illumination 
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due to a point souroe varies inversely as the square of the distance 
from the source. 

A small 60 c.p. lamp is surrounded by a glass globe which cuts 
off 26% of the light emitted by the lamp. If a book is held nor¬ 
mally 3 ft. below the lamp, what is the intensity of illumina¬ 
tion on the book ? {Ans : 5 ft-candles). 

4. State clearly the principle on which photometry is based. 
Describe any photometer and explain how you will use it. 

5. Two sources, of illuminating powers 144 c.p. and 36 c.p. 
respectively, are separated by a distance of 90 cm. Determine 
where between the sources a screen must be placed so that the 
intensity of illumination on both sides of it may be the same. 

(Ans : 60 cm from the stronger source). 
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REFLECTION AT PLANE SURFACES 

158. Introductory. When light travelling in a medium falls 
on a surface separating the first medium from a second, it suffers 
the following changes: 

(i) A part of the light is thrown hack in a definite direction 
(or reflected) into the first medium. 

(ii) The rest enters the second medium and is said to be 
refracted. 

The proportion of the reflected light to the incident light 
depends on the nature of the media and on the angle at which 
the incident light meets the surface. For normal incidence 
from air to glass about 4% of the incident light is reflected. The 
amount of reflected light increases as the incidence becomes more 
oblique. A silvered glass surface reflects 80% or more of the 
light incident normally on it from air. 

In Fig. 156 MM' is the surface of separation of two media. 
A ray AO travelling in the first medium is incident at the point 

0 on MM' and is reflected into the first 
medium in the direction OB. In this case 
AO is called the incident ray, OB the reflected 
ray and 0 the point of incidence. The line 
ON drawn perpendicular to MM' at the point 
0 is called the normal at the point of incid¬ 
ence. /_AON is the angle of incidence and 
/_BON the angle of reflection. They are equal. 

When the surface MM' is plane, a parallel beam of light 
incident on it will remain parallel even after reflection [Fig. 
167 (i)]. Reflection in this case is said to the regidar. 

-si: 

• * 

(n) 

Fig. 167 

If the surface separating the two media is uneven the normals 
at different points will point in different directions. At each 
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tiny surface each individual ray will have its angle of reflection 
equal to its angle of incidence. But the rays that were parallel 
before reflection will be thrown in random directions [Fig. 168 (ii)]. 
This kind of rcflectitm is called diffuse reflection and, loosely, 
scattering by some. A non-luminous object is made visible by 
the light which it reflects diffusely. Rough surfaces such as walls, 
papers, the projection screen in a cinema house etc. produce 
diffuse reflection. 


159. Laws of Reflection 

Reflection occurs according to two definite laws, which 
state that:— 

(«-) The angle of incidence is equal to the angle of reflection. 

(ii) The incident ray, the reflected ray and the normal to the 
surface at the point of incidence are in one plane. 

Tlius in fig. 156, /_AON=^ /_BON, and the lines AO, OB 
ON aro all in one plane. 'I’bis plane is called the plane of incidence. 

160. Esperimental Verification of the Laws of Reflection 

(i) By Hartleys optical disc. The laws of reflection may be 
verified with the help of Hartle’s 0 ])tical disc. It is a circular 
disc mounted vertically on a stand (Fig. 

168), and can bo rotated about an axis 
through its centre. The disc is graduated 
in degrees, each quadrant carrying the 
graduations 0° to 90°. At the centre is 
fixed a .short atrip of plane mirror MM' 
with its plane perpendicular to the plane 
of the disc. The 0°—0° line coincides 
with the normal to the mirror at the 
centre of the disc. 

Light is admitted through a narrow 
adjustable slit 8 in a screen and falls on 
the mirror at the centre of the disc. Both 
the incident and reflected-beams graze 
the surface of the disc, and the angles of 
incidence and reflection can be directly read off. They are 
found to be equal. 

Reducing the incident beam to a very narrow pencil still 
grazing the surface of the disc, it is found that the reflected 
pencil also grazes the surface. They therefore lie in a plane 
containing the normal. 
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(ii) By the pin method 

Experiment 40. To verify the laws of refledion by the pin method. 

Apparatus : A thin rectangular strip of mirror, a drawing 
board, board pins, hair pins, a scale and a protractor. 

Procedure: Fix the strip (Jlf jlf' ; Fig. 159) of mirror vertically 

on a piece of paperonahori- 
zontal drawing board and 
mark the reflecting surface 
T ^ paper. Fix two pins 

Qi^ Qa ^ Pi and P, in front of the 

p 't mirror. Move about your eye 

till the images of P, and P, 
in the mirror appear in one 
line. Fix two other pins Q, 
and <?a so that they also 
appear in the same line as the images of P, and Pa. Remove 
the pins and join the points P, Pa and Qa See they 
meet at a point 0 on MM'. Draw ON perpendicular to 
MM' at 0. Measure /.P, ON, the angle of incidence, and also 
/_Q, ON, the angle of reflection. You will find they are equal. 
Moreover, the incident ray P, Pj, the reflected ray and the 

normal ON at the point of incidence are all in the plane of the 
paper and thus lie in the same plane. Repeat the experiment 
for at least two other angles of incidence and tabulate the results. 


Fig. 159 


161. Image formed by a Plane Mirror 

To find the position of an imago relative to the mirror we may 
perform the following simple experiment: 

Experiment 41. To determine the position of an image formed by 
a plane mirror and to verify that the object distance is equal to the 
image distance. 

Apparatus: A plane mirror, a drawing board, board pins, hair 
pins, a scale and a protractor. 

Method: Mount the minor vertically on 
the drawing board and mark the position of 
its reflecting plane JIfJlf' (Fig 160). Fix a pin 
at 0 in front of the mirror to sei ve as object. 

Fix two pairs of pins, P, and Pa, and Q, and 
Qa,ia line with the image of the object at 0. 

Join PiPa and produce it to meet the mirror 
at A. OA is then the incident ray, and ’ V' 

AP» P| the reflected ray. If meets 
the mirror at B, OB is an incident ray and 



Fig. 160 
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the oorrespcnding reflected ray is BQ^Qi- Produce the two 
reflected rays backwards. Mark their point of intersection I. It 
is evident that the rays appear to come from I after reflection. 
Join 01. Measure the angle between this line and MM'. They 
cut at fight angles. Besides, 01 is bisected by MM' at P as you 
will see by measurement. Therefore, th& imag^ is as far behind 
the mirror as the object is in front of it . 

Repeat the experiment for at least two other positions of the 
object and tabulate the results. 

Theoretical proof. To prove that image distance=object distancCi 
w'3 may proceerl as follovv^s: 

In fig. 161 let 6> be a point object ir 
front of the mirror MM'. OP and OQ^ are 
two incident rays and their respective 
reflected rays are PO and QR, OP being 
incident perpendicularly on the mirror. 

When the reflected ray PO and QR 
are produced backwards they intersect 
at I. The rays thus appear to come 
from /. I is the image of 0. 

10 and QN are parallel, each being 
normal to MM'. Therefore, APOQ— ^OQN and ^RQN— 
/_PIQ,. Bub the angle of incidence OQN = the angle of reflec¬ 
tion RQN 

••• APOQ,= APIQ, 

In the As operand IPQ^, £,POQj=/_PIQ^ and /_OPQj= 
L.1PQ. (both rt. As) while the side PQ is common to both. 

The triangles are equal in all respects. 

Hence OP—IP or, tne object distance=the image distance. 
We may therefore say that/or reflection at a plane mirror the image 
lies on the normal drawn from the object to the mirror and is far 
behind the mirror as the object is in front of it. 

Virtiial image. When rays diverging from a point appear to 
come from another point the second point is called the virtval 
image of the first. It is clear that the image formed by reflection 
is a virtual image. A virtual image cannot be received on a screen. 

162. Lateral Inversion 

Hold the palm of your right hand in front of a plane mirror. 
The tip of the little finger L (Pig. 162) will have its image at 
L', L and L' being equidistant from the mirror. Similarly, the 

14 
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Fig. 161 
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tip of the thumb T will have its image at T'. The whole 

imago is similar in size and shape tc 
the right hand, but it is clear from 
the figure that the imago looks like a 
left hand. Such inversion of right and 
left on reflection is called lateral 
inversion. 

163. Plane Bliirors and testing Plane-ness 

Plaje mirr(.rs with which we arc mostly 
familiar are formed by depositing a layer 
of silver chemically on one face of a 
plane parallel plate of glass. A polished 
metal surface reflects the larger part 
of the light incident on it. Such mirrors 
are also in use. A clear mercury surface is also a good mirror. 

Tlie fact that the object distance is ecpial to the image distamx* 
in the case of a plane mirror enables rs to test tlic plane-ness of 
a mirror. Look into the mirror for the image of an extended object 
witii straight edges, suen os a telegraph post or the bars of a 
window. If the image shows no distortion the mirror is plane. 

164. Simple Periscope 

It is a simple device which enables us to see an object behind 
an obstruction such as a wall. It consists of 
two piano minors, and (Fig. 163), fixed at 
45® to the main axis of a rather long tube or a 
frame and has openings against each mirror. In 
the more improved designs the mirrors can be 
rotated about horizontal axes. Light from a 
distant object suffers successive reflections at the 
mirrors and enters the observer’s eye. A simple 
periscope may be used in a trench to view the 
happenings outside. It is often seen being used 
by members of a crowd witnessing a game 
over the heads of others. Periscopes used in sub- 
maiines areho<rever much more complica"-.ed but 
the principle is the same. 

165. Displacement o! the Image in a moving Minor. When a 
miiror moves relative to the source the image also moves. Let 
Ml be the initial position of the mirror and 0 that of an object 
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(Fig. 164a). The image will be formed at I^, where the image 
distance/, P, isequal totheobject distance P,0. When the mirror 
moves to the image is at where 
PaIa=PsO. Therefore the shift of 
the image =J, {OPj 

0Pf^)=2PiP^, i.e., the displace¬ 
ment of the image is double that of the 
mirror. When the mirror moves away 
from the source, the image recedes. 

The displacement of the mirror and 
the image are in the same direction. 

When the mirror is stationary but the source moves, fig. 
1646 shows that the image moves to the same extent a.s the 
source, but its displacement is opposite to that of the source. 
If V be the velocity of approach of the source towaids the 
mirror, tliat between the source and the image is 2y. 

166. Effect of Rotation of a Plane Mirror 

When a ray of light suffers reflection, it is dev'^iated from its 
original path. In fig. 165 the incident ray AO would travel along 
OB' if the surface w'cre not there. Duo to reflection at 

the surface it travels along OB. The deviation 8 which the ray 
undergoes is 

S-^J3'OP=180°-2i 
where i is the angle of incidence. 

N 


P‘8- Fig. 166 

If a mirror rotates through an angle a 0 ray incident on it from 
a fixed direction turns through anangle 2 0 on reflection (fig. 166). 
For the deviation of the ray AO when the mirror is in position 
is ^PO4'=S,=180® —2i, where i is the angle of incidence 
AON. When the mirror turns through 0 and is in the position 
the angle of incidence is AON'=^i~-e. Therefore its 
deviation S, is 18O°-2(i-0). The change in the deviation 
of the reflected ray is 

Sa~8,=2 0 






1 • o 

] 


ra) 


M 


O. 


(b) 


Fig. 164 
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i.e., when the mirror turns through 0, the image turns throgb 2 0, 
167. The minimum size and position of a mirror in which a 
person can see his full image. 

In fig. 167 AB represents a person and A’B' his image. B is 
his eye. The plane PQ is equidistant from 
AB and A'B'. The mirror must be in 
this plane. To find its minimum size and 
position join A'E and B'E. These lines 
intersect PQ at Jif, and M^. If the mirror 
o jcupies the position MiM^ and be of that 
length, the full image can be seen. 

Nowin the l\AA'E, AP—PA' and. PM^ 
is parallel to AE 

Therefore, Jf, is the mid-point of A'E. 

Similarly in the ABB'E, BQ=QB' And QM^ isparallalto BE. 

Therefore, M 2 is the mid.-point of B'E. 

Now in the AA'EB't since Jf, and ilf^ are the mid-poinfcs of 
oi A'E and B'E respectively, is half of A 'B' 

But AB=A'B.' 

.*. AB. 

Hence the minimum length of the mirror is half the height of 
the person. 



Fig. 167 


168. Inclined Mirrors 

(t) Mirrors inclined ai right angle. An object P is situated 
betTveen the mirrors Jf, and 
M 2 as shown in fig. 168. Pj is ^ 
the image of P in Jf,; Pg of P 

in M 2 . P,'is the image of P, in_«£ 

Jlf,; and Pg' of Pg in Jf,. If 
the mirrors are accurately at 
90®, P,'and Pg'coincide. Since 
P/andPg' are formed behind 
the mirrors, no further image 
formation is possible. The object and the images being equi¬ 
distant from 0, taey lie on a circle with centre 0 and 
radius OP. 

{ii) Two mirrors inclined cd any angle. Fig. 169 represents two 
mirrors OMi and OM 2 inclined at an angle 0. P is a point 
object placed between them. P/ is the image of P in Jf,; 
P,'% of Pj'in Jlfg; Pi"'t of P,'' in Mi\ etc. A series of 



Fig. 168 
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images is formed in this way. Similarly, another set of images 


starting first with reflection in 
Ma will be formed. When an 
image is formed behind boch 
mirrors, no further image forma¬ 
tion is possible. It can be easily 
shown from geometry that the 
object and all the images are 
equidi‘»tant from 0. Hence they 
lie on the circumference of a 
circle of radius OP and centre 
0 . 



If 0 is a submultiple of 180°, the total number of images is 

^^—1. For two mirrors exactly at right angles there will bo 
0 

three images. 

Kaleidoscope. It consists gencrally^of three strips of plane 
mirror, all of the same size, mounted in a cylindrical tube at an 
angle of 60° to one another. At one end of the tube coloured 
glass beads are enclosed between two circular glass plates wliich 
fit into the tube. When one looks through the observation hole 
at the other end, beauciful patterns arc seen. These are duo to 
the multiple reflections of tlie coloured bcad.s at the three 


inclined mirrors. 


Exercises 

1. State the laws of reflection. How wouhl you verify them? 

2. What diffc) cnees are there in the reflection of light 
from (a) piano mirror, (6) a sJ'oet of white blotting paper? 

3. Draw a diagram to show how an iixige is formed in a 
plane mirror. Prove that the object distance is equal to the 
image distance. 

4. A point object is placed between two mirrors at right angles. 
Trace the path of rays by which an eye sees an image formed by 
two successive reflections. Show that the final direction of the 
beam is parallel to the direction of the incident beam. 

5. Two plane mirrors are inclined at 45°. Find by geometrical 
construction the number of images formed. 
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man stands at the middle of a room and can fully see a 10' 
high wall behind him in a vertical plane mirror placed on the 
front wall. What is the minimum length of the mirror? 

{Ans: 3^. ft) 


7. Describe the construction of a simple periscope. For what 
purpose js' it used? 


%/^o- 


?how that when a plane mirror is rotated througli an angle 
0, the reflected beam is turned through an angle 20. 


9. (a) A man walking towards a. stationary minor at a speed 
of 2 ft/sec approaches nis image at the rate of 4 ft/sec. Explain. 

(6) If the man is stationary and the mirror is moved towards 
him at the rate of 2 ft/sec at what speed will his image approach 
him? 4 ft/scc.) 
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REFRACTION AT PLANE SURFACES 

169. Some Demonstration Experiments on Refraction 

(i) Put a coin in an emjjty bowl and so place your eye that 
the edge of the bowl just cuts off the 
('.oin from view. Hold your head steady 
and slowly pour water in the bowl. 

Very soon the coin will come into 

view. The eye sees here the refracted 

imaae of the coin. Tlic bottom of the 

bowl with the coin over it appears ^ ^ 

to have been raised. The action may be 


understood from fig. 170. 


I 


- —, 
—\— 4 “ ■* 


rig. 171 


{ii) Dip a rod obliquely in 
water. It seems to be bent 
(Fig. 171) at the point where 
it enters the water. Different 
portions of the rod under 
water appear to be raised by 
different amounts propor- 
t'ionate to their depths. The 
bending is due to refraction. 


{Hi) Take a glass of water and make it turbid by adding a few 
drops of milk. Place it in direct 

sun-light. Take a dark cartl- ^^ 

board with a small hole in it ^_ 

and hold it in front of the 

glass so that the hole is a < I 

little below the water level || h ® 

(Fig. 172). Note the direction of i|ji ly L-H 1 »■ f 

the beam entering through the l]£'Sjf 

hole and passing through water. 

Now raise the cardboard so that 17* 


Fig. 172 


the hole is above the water surface and observe the direction 
of the beam of sunlight. 

170. Introductory. When a beam of light travelling in one medi¬ 
um falls on a surface separating it from a second, a pari of the 
light enters the second medium. The direction of a ray changes 
at the point where it enters the second medium. This bending of 
rays when light enters one medium from another is called refraction. 
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In fig. 173 let a and 6 be two media and PQ, their plane of 

separation. A ray of light coincident 
on P<?at 0 would travel along AO A' 
if the second medium were absent. 
Due to the presence of the medium 6, 
however, the ray will follow a different 
course, say OB. If NON’ is drawn nor¬ 
mal to PQ at 0, Z.AON is the angle of 
incidence {i) and Z_BON', the angle of 
refraction (r). AO is the incident ray 
and OB, the refracted ray. It should 
be remembered that part of the light incident along AO is 
reflected back into a along OC. 

171. Laws of Refraction. Ilefraction takes place according to 
the following laws; 

Law I. The incident ray, the refracted ray and the normal at 
the point of incidence lie in one plane. 

This plane is calleti the plane of incidence. 

Law II. {SnelVs law). For two given media the ratio of the 
sine of the angle of incidence to the sine of the angle of refraction 
IS a constant for light of a given colour. 

Denoting the constant by the symbol {x we have 


sm ^ 
sin r 


■■ =(i 


or sin i =(jt. sin r 

If i=0, it follows that r is also equal to zero. Thus a ray of 
light incident normally on a surface will, on refraction, travel 
along the normal in the second medium. 


172. Verification of the Laws of Refraction 

(i) By Hartleys optical disc. Mount a semi-circular slab of glass 
with its diameter along the 90"—90° line of a Hartle optical disc 
and the centre of the slab at the centre 0 of 
the disc (Fig. 174). A narrow parallel pencil 
of light AO strikes the glass slab at O and 
isrefracted into the slab. The .*efracted ray 
meets the curved glass surface normally and 
^goes out into the air without further bend¬ 
ing. Thus though there are two refractions, 
bending occurs at one surface only. The 
incident ray and the refracted ray graze the 
surface of the disc, which also contains the Fig. 174 
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normal at the point of incidence. They are thus in the same 
plane. This proves the first law. 

To prove the second law the angles of incidence and refraction, 
i and r, are reed off for different positions of the disc and the 
results tabulated. The ratio sin ijmn r is calculated for each 
position. The valuer of this ratio for all values of i are found to 
agree within limits of experimental error. 

(ii) By the Pin Method. 

Experiment 4K. To verify the laws of refraction. 

Apparatus: A rectangular slab of glass, a drawing board, board 
pins, hair pins, a jrotra.^tor, a compass, sot squares and a scale. 

Procedure: Place the slab of 
glass on a sheet of paper fixed on 
the drawing board ^Pig. 175). Mark 
the positions of the sides PQ and 
US with pen■‘il lines. Fix a pin 0 
touching the slab, and two other 
pins j 4, and .da at a distance from 
0. Look through the otho’- face 
RS cf tnc slcb and fix two other 
pins and .4',, so that A lOBt A^' 
appeo’ in the same line. Similarly, 
fix the pins B^ and A,.' so that 
they appear in the same line 
w'ith Az 0. Remove the glass slab ami draw the lines J,0,0/?, 
and BiAi and also the lines A^O, OB^ and BsA^'^ Draw the 

normal NON' at 0. 

Draw a circle with 0 as sontre and drop perpendiculai s on NON' 
from the points where the rays .4,0. .4,0, OB,, OB^ cut tlie 
circle. Measure the lengths p,q„ r, s, and p, g,, r^s^. 

OBz and 0 B, are the refracted rays eorre, ponding to the inci¬ 
dent rays .4,0 and A,0. Therefore, it is to I? show'n that 

sine of the angle of incidence__sin ^1, O^AT sin A^ ON 
smF or^tlurangie of refraction"* sin B, 0N'~ &h\ B^ON' 

=: a constant, i.e.,-- , „ =a constant. 

r, ft, y, s. 

Calculate ^^^and They w'ill be found to be equal. 

Alternatively, the angles of incidence and refraction may be 
measured by a protractor and their sine values obtained 
from the table and the ratio determined. Note also that the 
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t'cTiCos of the incident ray, refracted ray and toe normal at 
the point of incidence lie in the same plane. 

173. Refractive Index 

When a ray of light enters a medium from air, the constant 
ratio of the sine of the angle of incidence to the sine of the angle of 
refraction is calle<l the refractive index of the medium relative to 
air. Therefore, refractive index=ji-—sin i/sin r. The refractive 
index depends on the nature of the medium but is independent of 
the value of the angle of incidence. It also depends on t]ic colour 
of the incident light. The refractive index for red light is less than 
that for green, blue or violet light. Of two media, the one with 
the higher refractive index is calle<l the optically denser medium. 
Optical density has nothing to do with physical density. Oil is 
physically lighter than water, but optically denser. 

When light passes from an optically rarer medium into a denser 
one, the refracted ray bends towards the normal. In the reverse 
case, i.e., when light passes from a denser to a rarer medium, it 
bends away from the normal. From fig. 173 you can now say 
that a is the rarer redium and 6 the denser. 

Light has the property that if a ray is reversed in direction it 
retraces the path along which it travelled. Referring to fig. 173 
again we may, therefore, say that if a ray travelled along BO 
in the medium b it would emerge as the ray OA in medium a. 
The angles of incidence and refraction are interchanged. The 
refractive index of medium *a’ relative to medium ‘6’ ivill therefore 
be the reciprocal of the refractive, index of ‘b' relative to ‘a’. 

Refractive index and velocity of light. Refractive index has an 
important physical significance. It is the ratio of the velocity of 
light in the first medium to that in the second medium. The velocity 
of light in air is 186000 miles per second. If the refractive index 
of glass relative to air is I’o, velocity oflight inglas 8 =( 186000 - 7 - 
1-6) miles per second. 


Values of some refractive indices relative to 
air in yellow light 


Material 

r.i. 

Material 


Glass (Crown) 

1-52 

Glycerine 


Glass (Flint) 

1*65 

Turpentine 


Water 

1'33 

Paraffin 

1-44 

Ice 

1-31 

Carbon-disulphide 

1-63 

Diamond 

2*42 

Bock salt 

1-64 
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Relative refractive indez of two media. Let the refractive 
indices of two media, a and 6 relative to air be and respec¬ 
tively. If light enters from into ‘6’, the refractive index of 
medium ‘6’ relative to medium ‘a’ is equal to 

Refractive index of medium ‘6’ 

Refractive index of medium 

The r.i. of water is 1-33 and that of glass is 1'52. So for refraction 
from water to glass, the refractive index=l'52/l‘33=l'14 

174. Geomeixical Construction for the Refracted Ray 

When a ray AO is incident on the surface of separation of air 
and any other medium, as in fig. 176, wo can find the direction of 

the refracted ray by a simple geome¬ 
trical construction if (x is known. 

With 0 as centre draw two circles 
of radii r, and where ra--ri/tx. 
Let AO produced cut the second 
circle at D. Draw CD perpendi¬ 
cular on PQ, produce it to 

meet the first circle (in the medium) 
at B. Join OB. Then OB is the 
Fig. 176 refracted ray. 

If NON' is perpindicular to PQ 

sin BON'= sin OBC -= OGjOB - OC;r, 
sin AON sin ODC - OCIOD == OCjr^ 

. AON _OCIr, i 
* ■ sin 'BON'~OC}i\ ^ 

Since l AON is the angle of incidence, it follows from the 
above that A^^N' is the angle of refraction. 

175. Virtual Image due to Refraction at a Plane Surface at 
Normal Incidence. i , 

In fig. 177, let Pbe a point object at a ) i ^/b 

distance OP=M below the plane surface | 

of separation between air and a medium 
of refractive index jx (say, water or glass). 

A ray PA incident at A on the surface 
at a small angle of incidence i Avill be 
refracted along AjB at an angle #• to the 
normal at A. Produce BA backwards 
to meet OP at P'. Another ray PO 
incident normally on the surface will fig. 177 
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be refracted out along the same line. Thus the refracted rays 
from the medium appear to come from P'. P' is then the virtual 
image of P. It is clear from the figure that the the image is 
raised and is nearer the eye than the object. 

Note that (x is the refractive index of the medium relative to 
air. Therefore, when refraction takes place from the medium into 

. .... 1 
air, sin «/sui r “ 

1 sin i sin APO OA 10A P'^ 

Hence —= ^ sin AP'O^PA /P'7i~PA 

When the pencil is almost normally incident, A is very near to 0 
and P'A and PA are approximately equal to P'O and PO respec¬ 
tively 

I P'O PO 
^-~PO ^~P'0 

Writing tt=PC)=object distance and v = P'0=image distance 
we have [x = ujv or v = «/(x. 

(X for glass or water is greater than unity. Since v gives the 
apparent position of the object, the apparent thickness of a slab 
of glass or the depth of a pond will appear to be less than what 
it is. This accounts for the raising of the coin or the bending of 
the stick mentioned in § 169. 

Experiment 43. To find the refractive index of glass relative to air. 

Apparatus: Rectangular glass slab, drawing board, pins, 
paper etc. 

Method: Place the glass slab on a 
sheet of paper on the drawing 
board and mark its front edge 
with a pencil line (Fig. 178). Stick 
a pin at P against its back face, 
and two pairs of pins, AB and 
CD, to the front of the block such 
that .4 PP appear to be in one line, 
and so also GDP, when viewed 
.through the glass slab. Remove the 
slab. Produce AB and CD to meet 
at P'. Then P' is the apparent 
position of P when viewed through 
the glass. The perpendicular distan¬ 
ces {OP and OP') of P and P' from 
the front face of the glass slab are 


P 



Fig. 178 




BEVBACTION AT PLAITB SUBEACES 22> 

respectively the real thickness and the apparent thickness of 
the glass. Measure them. Then 

{I = OPjOP' -. 

176. Total Internal Reflection 

Consider a ray of light which, travelling in a denser medium 
‘6’, strikes a surface separating 
it from a rarer medium ‘a’ (air, 
suppose). Let (x be the refractive 
index of ‘6’ relative to air. As 
the angle of incidence increases 0 

the deviation increases and the p 
refracted ray is bent more and 
and more away from the nor¬ 
mal (Fig. 179). The ray A^O of 
the figure just grazes the sur¬ 
face on refraction. If the angle 

of incidence increases still further (.as in the case of the ray A^O) 
il 18 impossible to satisfy Snell’s law. Such a ray is not refracted, 
but is totally reflected back into the denser medium. This 
phenomenon is called total internal reflection and occurs only 
for refraction from a denser into a rcrer medium. Ray .dgOmarks 
the largest value of the angle of incidence for which refraction 
is possible, the refracted ray just grazing the surface. The angle 
of refraction is 90.® The angle of incidence 0^ at this stage 
satisfies the relation 

sin 90°/sin 0j=(x 

or sin(9^==l/j4 (176.1) 

The angle of incidence 0^ in the denser medium for which the 
refracted ray just grazes the surface of separation is called critical 
ai^le. Its value depends on the nature o^ the media and also on 
tlie colour of the light. If p. from air to gla.js is 1’5, the critical an¬ 
gle for refraction from glass to air is given by sin 0t~ 1/1'6, 
whence 0^=42® (approxim.ately). Between water and air sin 0 
=1/1*33 whence 0^ = 48|® nearly. 

Between glass and water sin 0^— r33/r5, whence 0^ is 
about 63®. 




177. Some Coxuseauences of Total Reflection 

^i) Place a test tube obliquely in a beaker of water with the 
closed end downwards. Allow a horizontal beam of light to fall 
on the test tube and look from the top in the direction of the 
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emergent rays as shown in fig. 180. The surface of the tube appears 
bright as a mirror. In looking for an explanation we can neglect 

the action of the glass wall of the tube, 
which serves more or less as a parallel 
plate and does not alter the angle of 
incidence. If at the water-air surface 
the light is incident at an angle greater 
than the critical angle (about 48|°) it 
will be totally reflected and the surface 
from which reflection occurs will appear 
bright. If the tube is made more vertical 
or is filled with water the brightness 
J 80 disappears, as total reflection ceases. 

(ii) Make a coarse deposit of soot on a metal ball. Immerse 
the ball into a beaker of water. Place the beaker in strong, difluse 
light. On viewing the ball.its surface will appear shining. The 
reason lies in the fact that the coarse soot encloses air pockets 
and light is loally reflected from the w'ater-air surfaces. 

{iii) When an eye is placed under water rays from an object 
just above the surface of water enter the eye after refraction at 
an angle of about 48 (the critical angle for water-air refraction) 
with the normal to the aurfii.ee of water. Objects higlier up will 
enter the eye at smaller angles with tbe normal than the above 
^Fig. 181). To an observer inside water all objects abovethowatcr 
surface will appear to lie within a cone of angle about 97°. 




Fig. 181 

Thus a fish sees the whole of the world outside the water within a 
cone of the above angle. The sun describes to it an arc of 97° 
instead of 180° as to us. 

(tv) Diamond has a refractive index of 2.4 which makes the 
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critical angle for refraction from diamond to air about 24|®. The 
faces of a piece of diamond are so cut that the light entering 
into it suffer total internal reflection repeatedly at different faces 
and come out through one or two faces only. So these faces appear 
very glittering. This accounts for the brilliance of diamond and 
other precious stones. 


(v) Hold a glass tumbler partially filled with water above the 
levelof the eye and tilt it (Fig. 182). Beyond a certain tilt the 


surface will appear 
glittering. Light 
coming through the 
bottom has been 
totally reflected at 
the top surface. Ob¬ 
jects lying at the 
bottom of the tumb¬ 
ler may be seen 





,182 


reflected at tlio surface. When properK viewed through one 
sale objects on the other side may .also be seen by tot.al reflec¬ 
tion at the surface (Fig. 182). 

(vi) Mirage. It is an optical illusion taking place when the 
temperature of air above the surface of the earth v^arics rapidly. 



The refractive index of air (or any gas) diminishes with the in¬ 
crease of temperature. Thus during da\ time on a desert the 
sand is very hot and so also the air in contact with it. Upwards 
the temperature diminishes. Under this condition \i of air is 
higher above and lower below. Let us assume that layers of air 
at the same temperature are horizontal (Fig. 183). A ray of light 
starting from an object above the surface, such as a tree top or 
a cloud, and moving downwards will enter regions of lower re¬ 
fractive index. It will be bent more and more away from, the 
normal (i.e., the vertical) until at some place it suffers total reflec- 
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tion, and moves upAvards. If it is now caught by an eye, the eye 
will see the object in the direction of the ray produced backwards. 
To the observer the image may appear as being due to reflection 
in a pool of water. As the hot air in contact with the sand ascends, 
the image appears shimmering and unsteady, very much as would 
happen on a water surface -when there is a light breeze. This 
completes the illusion of reflection in a pool of water. An illusion 
of this kind is called an inferior mirage. 

In polar regions the surface of the earth is very cold. The 
temperature of the air above the surface may increase upwards. 
Arajf of light starting under these conditions from an object on 




Fig. 184 

the surface and moving upwards w^ill get into regions of gradually 
diminishing refractive index. It will bo bent more and more aw’ay 
from the normal (Fig 184) until total reflection takes place. The 
ray is then bent downwards and moves more and more tow'ards 
the verioal. An eye which receives such rays w'ill see the object 
suspended in air. This illusion is known a:- a superior mirage. 
The images are more steady and clear than an inferior mirage, as 
there is no upward motion of the air. 

178. Prisms 

For optical purposes a prism may bo 
considered as a portion of a trans¬ 
parent medium two of w'hose boun¬ 
daries are piano surfaces inclined to each 
Q other at an angle. The line along which | 
the surfaces meet is called tho refracting 
edge of the prism (AB of Fig. 185). The 
surfaces and ABFE are called the 

refractii^ surfaces. The angle DAE bet- 
ween them is called the angle of the- 



Fig. 18S 
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priEm. An^ section PQR of the prism by a plane i)erpendicular 
to the refracting edge is called a principal section. 


179. Refraction through a Prism in a Principal Section 

Let ABC ho a principal section of a prism of angle A (Fig. 186). 
A ray PQ incident atQ on the refrac- a 

ting face AB refracted along QR /\ 

into the prism and out along at R. Ni / \ '''^ 

RS is therefore the course of the ray 
PQ after it s passage through the prism, 

It is clear from the figure that the / t \ 

emergent ray is bent towards the £ - \ 

base of the prism and is deviated from 
the original direction. The angle of 

deviation, 8 , is t.he angle betweeji the incident ray and the 
emergent ray. 8 increases with the angle A of the prism and is 
small for thin prisms. Tt can be easily shownfrom geometry that 

A^r, +ra 

and S—A. 

These two equations summarize all the geometry of trans¬ 
mission of ray’-s through a prism in a principal section. 


Fig. 186 


180. Minimum Deviation through a Prism 

A prism may be mounted at the 
centre of a Hartle’s disc and illumi¬ 
nated not by white light but by light 
of some particular colour. This 
may be obtained by filtering the light 
from a strong source through red or 
green glass or by using a sodium flame. 
For convenience the face on which 
the light is incid' nt should be parallel 
to the 90“—^90° Lne and the centre of 
the prism somewhat below the centre 
of the disc. By turning, the disc i, may be varied and corres¬ 
ponding S read off (Fig. 187). 

If the angle of incidence be gra¬ 
dually decreased, the deviation 
also gradually decreases until at a 
particular angle of incidence the 
deviation attains a minimum value. 

If the angle of incidence is still 
further decreased, the deviation, Fig. ig? (o) 

16 
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instead of decreasing, increases. There is only one position of 
the prism for which deviation is a minimum. Tliis position is 
called the positior of minimum deviation of the prism. At the 
position of minimum deviation and r,=ra. The ray passes 
symmetrically through the prism. (Fig. 187 a) 

Exercises 

1. What is refraction ? Explain the following phenomena with 
the help of diagrams : 

(а) A straight rod dippetl partly in water appears to he hent 
when viewed obliquely. 

(б) A coin in an empty bowl is invisible to an observe!, but 
when water is gradually poured into the bowl, the coin appears 
to rise and comes into view. 

2. State the lau's of refraction. How Avould you verify them 
experimentally ? 

3. Define refractive index. What are the factors on whiih it 
depends ? 

4. Find the missing figures in the following table either 
geometrically or by calculation. 


i 

r 



(angle of incidence) 

(angle of i efraction) 

(refractive index) 

30'^ 

— 


1-50 

45° 

30*3° 



— 

40-6° 


1-33. 



{Arts ; 

: 19°-5 ; 1*4 ; 60°) 


6. Deduce a relation connecting the real and apparent depths of 
an object placed in water when view'ed normally. 

To an observer a coin placed in a basin of water appears to be 
4 cm below the top surface. What is the real depth of water in 
the basin if the refractive index of water is 1.33 ? 

{Ans : 6‘32 cm) 

6. Wliat is total internal reflection ? Define critical angle. 
Find out a relation between the critical angle and the refractive 
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index of the medium. Calculate the refractive index of glass 
if the critical angle is 42°. 

(Ans : 1-5). 

7. Describe some consequences of total internal reflection. 

8. What is a mirage ? Explain its formation. 

9. What is meant by the position of minimum deviation of a 
prism ? Wliat is meant by saying that in this position light passes 
through the prism symmotrically 1 

10. What do you understand when it is said that a medium is 
optically (hmser than another medium ? Arrange water, oil and 
glass in the order of their optical densities. 

11. How is the refractive index of a medium related to the 
velocity of light in the medium ? 

In which of theses media does light travel fastest: air, water, 
oil, glass ? 

Does red light travel faster or slower than blue or green light ? 

12. You se^ a fish in water and aim straight at it to spear it. 
Explain why you cannot succeed. 

Why is the external world of a fish confined within a cone of 
about 97° ? 



CHAPTER 24 


SPHERICAL MIRRORS AND LENSES 


181. Some Defmitions. The surface of a mirror instead of 



being plane may form part of a sur¬ 
face of regular geometrical shape, 
such as a sphere, a cylinder or a 
paraboloid. In this chapter we shall 
discuss the behaviour of curved 
mirrors which form part of a spherical 
surface, A spherical mirror is a part 
of a spherical shell cut off by a plane 
(Figs. 188). 

When the bulge faces the object 
the mirror is said to be convex. When 
the hollow fa(!esthe object the miiTf)r 
is concave. The centre C (Figs. 188) 
of the sphere, of which the mirror 
APB forms a part of the surface, is 
called the centoe of curvatore of the 
mirror. The radius CA of the sphere 
is called the radius of curvature of the 
mirror. The centre of the mirror face 
(P, Figs. 188) is called the pole of 
the mirror. 

The principal axis is the lino 
joining the centre of curvature to the 
centre of the mirror face, that is, the 
pole of the mirror. Any other lino 


I'ig* 188 through C {CP', Fig. 188, top) which 

cuts the mirror is called a secondary axis. 


188. Image of a Point Object on the Principal Axis 

Lot 0 be a luminous point on the axis of a concave mirror 
APB (Fig. 189), or a convex mirror (Fig. 190) whose centre of 
curvature is at C. Let a ray OQ be incident on the mirror at a 
point Q chse to the pole P. Join CQ. Then CQ is normal 
to the mirror at Q. OQ is reflected along QR making the 
same angle i with CQ as OQ does. Let QR (Fig. 189) or QR 
produced (Fig. 190) cut the axis at /. 

Consider the /^OQI. The angle at Q is bisected by QC inter¬ 
nally in fig. 189 and externally in fig. 190. From elementary 
geometry we know that the bisector of the vertical angle divides 
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the base in the ratio of the sides. Therefore COjCI—QOlQI. 


tie, ■■ ,..i ,1. rfi I 

C I 

B 

Fig. 189 Fig. 190 

Now since Q is very close to tlio pole P, QO is very nearly 
equal to PO and QJ to P/. 

COICT^-POjPI 

Therefore / is a fixed poin.t. Thus all rays starting from 0 and 
incident at points close to P will pass through / when the mirror 
in concave. They w'ill appear to come from I when the mirror is 
convex. I is the image of O. 

183. Beal and Virtual Images 

When rays diverging from a point either meet at or appear to 
come from another point, the second point is called the image 
of the first. 



Fig. 191 


When rays starting from an object point meet at another point 
after reflection or refracstion, the latter point is called the real 
image of the former. 

If rays starting from an object point appear, after reflection or 
refraction, to come from another point,the latter point is called 
the virtual image of the former. 

Fig. 191 (a) shows how an object point P is directly seen by 
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the eye, (6) and (c) show how a real image of P is formed at P' 
by reflection at a concave mirror and refraction at a lens respect¬ 
ively. (cZ) and (e) illustrate formation of virtual images by reflec¬ 
tion and refraction. 

In fig. 189, the image is real. In fig. 190 it is virtual. 

184. Convention of Signs 

In problems of reflection at a spherical surfacti the distance 
concerned (i.e., the distance of the object, the image, the 
centre of curvature etc.) arc measured from the pole of the 
mirror. Sometimes these points are to the right, .at other times 
to the left of the mirror. To indicate cle.arly the position of the 
points with respect to the mirror their distances from the mirror 
are taken as positive or negative according to their position. 
Various conventions regarding the sign of these distances are in 
use. In this book we have adopted the following conventions : 

All distances are measured from the pole of the mirror. Distances 
measured in the direction opposite to that in which light proceeds 
from the source towards the mirror are taken as jiositive. The direc¬ 
tion in which light proceeds from the source towards the mirror is 
taken as negative. 

In figures 189 and 190, where the object is at 0 the object dis¬ 
tance PO to be measured from the pole P to 0 is positive, as 
this direction is opposite to that in which light moves in pro¬ 
ceeding from the object to the mirror. In fig. 190 the image dis¬ 
tance PI, which we always measure from the pole, is negative. 

185. Position of the Image of a Point on the Principal Axis 

In,S 182 we have .'»een that I, the image of O, is a fixed point 
whose position is defined by the relation 

COICI^POIPI 

Let the object distance PO—u, the image distance PJ—v 
and the radius of curvature PC~r. For the concave mirror 
(Fig. 189) all these quantities are positive according to the con¬ 
vention of signs we have adopted. 

.•. For the concave mirror, 

Ji_^__0£_PO~PC_u~r 
V-PI~' Cl"PC—PI~r-v 
or u{r — v)—v{u — r) 

or ur+vr=2uv 

Dividing by uvr we have 
112 
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The same formula applies to convex mirrors, but r will be nega¬ 
tive according to the convention of signs. 

Conjugate points. Fairs of points on the principal axis of a 
spherical mirror wliose distances u and v from the mirror satisfy 
the equation 185.1 are called conjugate points. It will be seen 
from the equation tliat the values of n and v may bo interchanged 
without violating the equation. Refemng to tlie figs. 189 and 
190 this means that if we place an object at I, its image will be 
formed at O. O and I arc conjugate points. In other words a pair 
of conjugate points are such that if an object is placed at any one 
of them the image will be formed at the other. 

186. Principal Focus and Focal Length of Spherical Mirror 

A pencil of rays parallel to the principal axis of a spherical 
mirror comes to a focus at a point midway between the mirror 
and its centre of curvature. This pf)in" is cal led the principal focus 
of the mirroi and its distance from the pole is called the focal 
length of the mirror. In this case u—tx,, which gives v—r{2. 
The focal length / is half the radius of curvature 

/=r/2 (186.1) 



Fi«. l«2 Fifi. 193 

In the case of a concave mirror all rays of a pencil parallel 
to the principal axis pass after retlectiou (Fig. 192) through the 
focus F. The focus in this case is called a ret I focus. 

In the case of a convex mirror r is negative and the focus F 
(Fig. 193) lies behind tlie mirror. A bundle of parallel rays, 
therefore, appears after reflection to come from F. The focus 
is virtual. 

A plane porpendicidar to the. principal axis and passing 
through the principal focus is called the focal plane. 

In view of the relation /=r/2, Eq. 185.1 for spherical mirrors 
may be written as 

1 11 

v~~ f 

which is the more usual form. 


(186.2) 
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Point object at the principal focas.{ If a point object is placed at 
the principal focus of a concave mirror, rays starting from it will, 
after reflection at the mirror, be rendered parallel to the 




principal axis (Fig. 194). In the case of a convex mirror, rays 
proceeding towards the principal focus will be rendered parallel 
to the principal axis after reflection (Fig. 195). 

187. Construction for the Image of a finite Object. Consider an 
object of finite size placed on the principal axis of a mirror. A 
simple geometrical construction w^ill give the size and position 
of the image. In making such a construction we have to re¬ 
member that 

(1) A ray of light parallel to the principal axis of a concave 
mirror passes through the principal focus after rejlection. In the 
case of a convex mirror it appears to come from that point. 

(2) A ray passing through the centre of curvature of a concave 
mirror {or moving towards the same, point in the case of a convex 
mirror) falls rhormally on the mirror and retraces its path. 

(3) A ray passing through the principal focus of a concave 
mirror {or proceeding towards this point in the case of a convex 
mirror) will, after reflection, proceed parallel to the principal axis. 

To find the position of the image of a point by geometrical 
construction, we may draw from the object any two of the three 
rays specified above. Their point of intersection (real or virtual) 
after reflection gives the position of the image. All rays starting 
from the point object meet at the same point. 

In what follows we have generally used the rays (1) and (2) 
mentioned above, though any two may be taken. 

Construction for the image of an extended object. Let PQ 

be 'a straight object on the axis of a spherical mirror and per¬ 
pendicular to. it. C and F are respectively the centre of curvature 
and the principal focus of the mirror. To find the position and 
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size of tho image draw from Q a ray QA parallel to the axis. For 
a concave mirror (Fig. 196) it passee through F. while for a con- 



Fig. 196 j-ig 197 

vex mirror (Fig. 197) it appears to come from F after reflection. 
Another ray from Q passing through 0 (Fig. 196) or moving 
towards G (Fig. 197) is reflected back along the same path. The 
point of intersection Q' of these two rays is the image of From 
Q' draw Q'P' perpendicular on the princijial axis. P'Q' is then 
the image of PQ. If the object extends on the other side of the 
principal axis a similar construction may be made for the image 
of the other end of the object. 

In fig. 196 the image is real and inverted, while in fig. 197 
it is virtual and erect. 


188. Magnific&tion. The ratio of the size I of the image to the 
size 0 of the object is called magnification. Denoting it by m 
and referring to fig. 196 or 197 we have 



P'Q' 

PQ 


Writing object distance OP--^u, imago distance OP'=v, radius 
of curvature OG~r, wo have from the similar triangles GPQ and 
OP'Q' 

^Q _CP' r~v 

PQ '~GP~u-r 

112 
From the formula 4-—= - 

u V r 


we have 


V r ~ r~ u 


r—v u —r 
vr “ ur 


or 


r~v 


m 


u~r 

-PQ- 


V 
11 

V 

■ u 


.* .. image distance 

or, magnification = - 

object distance 





light 


m 

When TO ]>1, the image is said to be magnified ; when to <1, 
the image is said to be reduced. 


189. Some uses of Spherical Mirrors 

(i) The phantom doll. An interesting optical illusion may¬ 
be produced with the helj) of a concave mirror of relatively 
large radius of curvature. We have seen that a concave mirror 
forms a real magnified and iiivcrtcd image of an object placed 
between its centre of curvature an<l focus. 

If a small doll, or any other convenient object, be jdaced 
in an inverted position below the principal axis of a concave 
mirror between its focus and the centre of curvature, a real magni¬ 




fied image of the object will be formed by the miri’or (Fig. 198). 
An eye at a distance cf more than 10" (the least distance of 
distinct vision ) f.om the image and suitably placed to receive 
the rays forming the image vill see a doll suspended in 
air. Viewed from any other angle where the reflected rays can¬ 
not reach the eye the doll cannot be seen. When arranged in a 
dark room with the actual doll .-.crccned frtrm direct view and 
illuminated by hidden light the airpearauce is very realistic. 


(ti) Shaving mirror. A concave mirror fr rms an erect, magni¬ 
fied and virtual imago of an obj’ict placed betw'eeu its focus and 

pole (Fig. 199). Ifa man brings 
bis face close enough to a 
concave mirror he sees a 
magnified virtual image of his 
face in the mirror. For con- 
199 venience of vision the distance 

of the image should be greater than 10" from his eye, because 
a normal eye finds it difficult to see tlnngf' clearly when nearer 
than this. 



(iii) View tmder of an automobile. To get a view of the traffic 
in the rear the driver of an automobile often uses a convex 
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mirror projecting outside the car. Ail real objects in front of the 
mirror (i.o., to the rear of the car) form erect, diminished and 
virtual images lying between the focus and tlie i^oleof the mirror. 
The driver can therefore got a view of ever^djiing that lies to his 
rear by simply looking into the mirror. 

Fig. 200 shows an object PQ placed in three different positions 
marked I, II and III on the principal axis of a convex mirror. 



Fig. 200 


The corresjxrnding images are found to be formed at positions 
marked 1, 2 and 3, all between the pole and the focus. All the 
images are virtual, erect and diminished in size. 

Experiment 44. To determine the focal length of a concave mirror 
by u-v method. 


Apparatus : An optical bench, a candle flame, paper screen 
and concave mirror. 

Method ; Place a candle flame <*lose to t}je principa] axis of a 


concave mirror, preferably between its focus and tbe centre of 
curvature. K''epmg the positions of the mirror and the candle 
fixed, adjust tlie position of t]ie paper screen so that a sharp 
image is formed on it . Find the distance bctA\een tlic fianie and 


the mirror. This is the object distance u. SiTuilarly find the image 
distances. The relatum ^ glve.s he focal length. 


Repeat the experiment for various po.sitions of the object and 
find/from each observation. Tabulate as follows ; 


No. of 
observations 


tance 
u in cm 



Image dis¬ 
tance 

V in cm 

focal length 

, uv 
f -rz - cm 

•' u • f 




Average 
f in cm 
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190. Lenses 

« 

A lens is a portion of a refracting merliiim bounded by two 
surfaces of definite geometrical form. The surfaces may be parts 
of spheres or cylinders, the former being the more common. One 
of the surfaces may be plane. When both the bounding surfaces 
are spherical the line joining the centres of curvacure of the two 
surfaces is called the principal axis. 

Lenses are generally divided into two classes, viz., (i) convex 
and (ii) concave. Convex or converging lenses are thicker at the 
middle than at the edges. They may be (a) double-convex, in 
which the centres of curvature lie on two sides of the lens, (6) 
convex-meniseus, in which both centres lie on the same side of the 
lens or (c) plano-convex, where one surface is plane. The forms 
are shown in fig. 201 



Fig. 201 Fig. 202 

Concave or diverging lenses are thinner at the middle than at 
the edge and may be (a) double-concave, (6) concave-meniscus or 
(c) plano-concave as shown in fig. 202. 


191. A Lens is like a Set of Prisms 

The action of a lens on a pencil of rays passing through it 
depends on the nature of the lens as well as the refractive index 
of its material with respect to the surrounding medium. 

The convergent or the divergent action of a lens may be easily 
understood when we compare a lens with a prism. A lens may be 
looked upon as a combination of a scries of prisms (Fig. 203 and 
204) whose angles increase continuously from the centre towards 
the margin of the lens. In the case of a convex lens, the bases 
of the prisms are towards the centre of the lens (Fig. 203). A 
ray passing through such a prism will be deviated towards the 
base and the deviation will increase as the angle of the prism 
increases (vide § 179). Thus the rays of a parallel bundle incident 
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on a convex lens are brought nearer together and majr be made 
to converge at a single point after refraction. In the case of a 
concave lens the prisms have their bases turned away from the 



Fig. 203 


f: 



Fig. 204 


centre. Due to refraction towards Hie base the rays of a parallel 
bundle are made divergent on passing through a concave lens 
(Fig. 204). 


192. Optical Centre of a Lens 

Tliere is a point on the principal axis of a lens such that a ray 
passing through the point sulfcrs no deviation, but emerges 
from the lens in a direction parallel to its direction of incidence on 
the lens. This point is called the optical centre of the lens. 

In the elementary theory of lenses, the thickness of a lens is 
not taken into consideration. Such lenses are called thin lenses. 
In the case of a thin lens, therefore, any point on the principal 
axis lying within the lens may be taken as the optical centre for 
purposes of geometrical construction. 

In our diagrams wo sliall sliow tho outlino of the* lens to indicate its 
character, convex or concave. But refraction will be shown to take plac* 
at a piano indicative of tho position of tho thin lens. 

Sign convention. In the case of a lens, distances are measured 
from the optical centre. Distances measured against the direction 
in which light travels are taken as posit vo ; those in the same 
direction are negative. The convention is the same as for spheri¬ 
cal mirrors. 


193. Principal Foci and Focal Length 

There is a point on the principal axis of a lens such that a 
bundle of rays starting from the point will, after refraction by 
a convex lens, be rendered parallel to the axis (Fig. 205). 

For a concave lens, a bundle of rays proceeding towards this 
point (Fig. 206) will be rendered parallel after refraction. This 
point is called the first principal focus. The distance of this 
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point from the optioal (jcntre is called the first focal length 
(/,). For a convex lens/j is positive; for a concave lens, negative. 



A bundle of rays parallel to the principal axis will after re¬ 
fraction tlirough a convex lens converge to a point on the principal 
axis (Fig. 207). For a concave lens it will appear to diverge from 
a point on tlie principal axis (Fig. 208). This point is called the 
second principal focus of the lens. The distance of this point 
from the optical centre is called the second focal length (/a). 
For a convex lens/^ is negative; for a concave lens it is positive. 



The focal points are fixed with respect to a lens. For a lens 
placed in air the points are equidistant from the centre of the 
lens. By the term focal length o/ a lens is understood the distant 
of the second principal focus from the centre of the lens. Conven- 
tionally for convex lenses the fecal length is taken as negative and 
for concave lenses, positive. 

A plane through a focus perpendicular to the principal axis is 
" called a focal plane. 

194. Graphical Construction for Image 

In finding the position of image of an extended object lying 
perpendicular to the principal axis of a lens we have to remem¬ 
ber any two of the following properties of a lens: 
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(1) A ray 'passing ihrowgh the first principal focus of a convex 
lens, or proceeding towards the same point of a concave lens, will 
after refraction travel parallel to the principal axis. 

(2) A ray of light starling from a point on the object and tra¬ 
velling parallel to the principal axis will after refraction in a con¬ 
vex lens pass through, or, in a concave lens, appear to come from, 
the second principal focus. 

(3) A ray passing through the optical centre of a lens emerges 
without deviation. 

These rays after refraction either meet at a point or appear 
to come from one and the same point (i.e., they meet when pro¬ 
duced backwards). In the former case, the point at which they 
meet is called the real image of the object point. In the latter 
case, tlie point of backward intersection of the rays is called the 
virtual image of the object point. 



Fig. 209 Fig. 210 

The above facts are illustrated in figs. 209 and 210. The object 
PQ stands perpendicular to the axis of a lens of which and F^ 

are tlie first and the second principal foci respectively and C the 
optical centre. The ray QA passes through F^, QB through F^ 
and QG through the optical centre. They are respectively marked 
1,2 and 3 in agreement with the numbering of the rays mentioned 
in italics at the beginning of this article. 

195. Derivation of the Lens Formula 

From the similar CPQ, CP'Q' of figs. 209 and 210 

Ave have PQIP'Q'=^CPICP' (A) 

Again, from the A* OBF^ and P'Q'F^ 

CBIP'Q'=^GFJF^P' (B) 

But since CB=PQ, the right hand sides of (A) and (B) are equal 
.-. CPICP'=^CFJF^P' iC) 

JjCt us put the object distance CP=u, the image distance GP'=v 
and GFa—f, the second focal length. 
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F^P- 


Hencc from (C) 


1 I 

u ^ V 


For the convex lens (Fig. 209) v and / are negative 
Remembering the sign convention, we get 

— V f ~v 

or uj—uv—vf. 

Dividing both sides by uvf 

u 1 1 1 

we have --= - i 

V u f 

The same formula w’ill apply to concave lenses, but / should be 
taken as positive. 

Convex lens forming real image. In the ease of a convex lens 
forming a real image, both / and v are negative. In such a case 
we may write tlie working formula as 

I 

f 

where u, v and / represent the magnitudes of the corresponding 
quantities. They are no longer to be taken with any special sign. 
So long as u is greater than/, a convex lens forms a real image. 

Magnification. Magnification is defined as the ratio of the 
size of the image to the size of the object. From the similar triangles 
GPQ and GP'Q' (Figs. 209 and 210) we have 

. P'Q' CP' 

rnagnificcUionm— pq ~ (jp ~ ™ 

In fig. 209 for the convex lens, u is positive but v is negative 
and the image is inverted. In fig. 210 for the concave lens, both 
u and V are positive and the image is erect, A negative sign in 
the expression for magnification thus represents an inverted image 
while a positive sign means an erect image. 

197. Power of a lens. The reciprocal of the focal length of a lens 
is called its power. It is measured in dioptres. One dioptre is the 
power of a lens of focal length one metre. To get the power in diopt¬ 
res, express thcfocallength in metres and take the reciprocal, i.e., 

« • 1 100 

Power in dioptres 


focal length in metres focal length in cm 

Unlike the convention used in text books of physics, opticians 
take the power of a convergent lens to be positive and of a diver- 
gent lens, negative. The power of a lens is a measure of its ability 
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to produce convergence or divergence. A lens of larger power, i.e., 
of shorter focal length, produces stronger convergence if it is 
convex and stronger divergence if it is concave. 

When two thin lenses arc in contact, the power of the combina¬ 
tion is the algebraic sum of the powers of the components. 

198. Images formed by a Convex Lens for different 
Positions of an Object 

(i) For an object at infinity (a great distance), the image is 
formed in the focal plane. The image is extremely reduced in 
size and is inverted (Fig. 211), 



Fig. 211 

This provides a method of measuring the focal length of a lens. 
On a white screen, form with a lens a sharp image of an object about 
60 ft or more in distance. The distance between the lens and the 
screen is the focal length. 

{ii) For an object at a distance of twice the focal length, 
an inverted image of the same size as the object is formed at the 
Siime distance on the other side of the lens (Fig. 212) 

{Hi) For an object between the focus and a distance of twice 
the focal length, the image is real, inverted and magnified (Fig.213) 



FiR. 212 Fig. 213 

(iv) For an object in the first principal focal plane, the image 
will appear to an observer to lie at infinity (a great distance). It is 
virtual and erect (Fig. 214). In one method of using a magnifying 
glass the object is placed in the first principal focal plane. 

(v) When the object lies between the focus and the pole, the 
imageis virtual, erect and magnified (Fig. 215). This gives another 
method of using a magnifying glass (Sec. § 204). 

16 
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Fig. 214 


Images formed by a concave lens 

For all positions of an object, the image lies between the focus 



O' 

* 

! 




t 

\ 

C: P F, P' 

1 • 

1 

( 

0 • 


Fig. 215 

and the pole. The image is virtual, erect and reduced. Fig. 216 
[ shows three positions marked I, II and III of the object PQ and 
the corresponding positions 1, 2 and 3 of the image P'Q'. 



Fig. 216 

199. Determination of Focal Length of a Convex Lens 

Experiment 45. To determine the focal length of a convex lens 
by U-V method. 

Apparatus: An optical bench, an electric lamp in a lamp house, 
a* convex lens and a paper screen. 

Method: Mount a cross wire on a vertical upright provided in 
the optical bench. Place it at one end of the bench. Place an 
electric, lamp behind it so as to illuminate it properly. The paper 
screen is to be placed on the other end of the bench. Interpose the 
convex lens between the. crosswire and the screen. Adjust the 
height of the uprights so that the intersection of the cross wire, and 
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centre of the paper screen lie along the axis of the lens. Move 
the lens slowly until a sharp image of the crosswire is received 
on the screen. Measure the object distance u and the image 
distance v. The focal length / of the lens can be calculated from 

the formula (Vide § 195). 

Repeat the experiment moving the lens away from the cross¬ 
wire by a centimetre or tw'o. Find / from each observation. 
Tabulate as follows: 


No. of 
observations 

1 

Object 
distance (u) 
in cm 

Image 
distance (v) 
in cm 

1 

Focal length 

J———cm 1 
u-\-v 

Average 
f in cm 

1 





2 





3 

1 

5 




Experiment 46. To determine the focal length of a convex lens by 

plane mirror method. 

Apparatus. A plane mirror, a pin with a sharp point, an adjus¬ 
table clamp, a convex lens and a scale. 

Principle of the method. When a point object is placed at the 
first principal focus of a convex lens, 
a beam of rays starting from it will 
be rendered parallel to the i>rincipal 
axis after refraction through the 
lens. If a plane mirror be placed 
behind the lens L (Fig. 217) wdtli its Fig. 217 

plane perpendicular to the principal axis of the lens, the rays will 
retrace their paths after reflection at the mirror. 
The lens will then bring thes-e rays to a focus at the 
same position as the object. 

Method. Place the lens L (Fig. 218) on a plane 
mirror M levelled previously. Mount a pin on an 
adjustable clamp. Looking from the top the pin 
and its image will be seen. When the pin is at the 
position Pa you will see areal and inverted image at 
P'g. Now adjust the pin so that its tip touches the 
tip of the image and there is no relative motion 
between them (as at P,P',) when you move your 
eyes sideways. Measure the distance from the pin 
to the lens (LP^). This is the focal length. 




Fig. 218 
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Exercises 

A. Spherical Mirrors 

1. What is a spherical mirrorl Explain the terms radius of 
curvature, principal axis, pole, principal section and focal 
length of a spherical mirror. 

2. Deduce a simple relation between the focal length and the 
radius of curvature of a spherical mirror. 

3. Prove the relation— ^.-L. . in the case of a concave 

M « / 

mirror. Explain the notations used. 

4. Deduce an expression for magnification in the case of a 
concave mirror. 

6. Show graphically how a concave mirror forms a real image 
of an object. 

How would you use a concave mirror to throw an image of a 
candle flame on the wall? 

6. Where should an extended object be placed before a concave 
mirror so that an erect and magnified image is formed ? Draw a 
diagram to show this. How is a shaving mirror used? 

7. An object 1cm high is placed on the axis of a concave mirror 
of focal length 10 cm. If the distances from the mirror to the 
object be 6 cm and 20 cm respectively, find the nature, position 
and size of the image in each case. Do it graphically and verify 
by calculation. (Aws: Virtual, erect, 10cm, 2 cm; real, inverted, 

20 cm, 1 cm). 

8. An object is placed 50 cm away from a spherical mirror. 
The image is formed at a distance of 75 cm on the same side of 
the mirror. What type of mirror is it and what is its focal length ? 

{Ans: Concave; 30 cm). 

9. A concave mirror of focal length 1 ft is at a distance of 5 ft 

from a wall. Where should a candle flame bo placed to get a 
magnified image of it on the wall? How many times is it 
magnified ? {Arts: If ft from the mirror; 4> 

10. ' At what distance should an object be placed before a 
concave mirror of focal length / so that the image is (t) 1/4 th the 
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size of the object, (n) 4 times the size of the object? State the 
nature of the image in each case. 

{AnaiSf; f/; Real and inverted). 

B. Lenses 

1. Why is a convex lens called a converging lens and a concave 
lens a diverging one? Illustrate with diagrams the action of a 
lens on a parallel beam of light. 

2. Define first principal focus, second principal focus, focal 
length and the focal plane of a lens. 

3. What properties of a lens may be utilized to find the position 
of the image of an extended object placed on the principal axis 
of a lens? Draw a diagram to illustrate your answer. 

4. Draw a diagram showing the formation of an image of an 
extended object placed on the principa.1 axis of a lens and hence 
deduce the lens formula. 

5. Wliat do you understand by magnification produced by a 
lens? How is the magnification related to object and image dis¬ 
tances? 

6. Draw diagrams to show how a convex lens can produce a 
magnified (a) real, (6) virtutil, image? 

• A real image twice the size of the object is produced when an 
object is placed at a distance of 5 cm from a convex lens. What 
is the focal length of the lens? Where should the lens be placed so 
as to produce a virtual image of tlic same object magnified 
3 times ? {Ans : 3J cm; %^*cm from the object.) 

7. An object 1 in high is placed perpendicularly on the principal 
axis of a convex lens of focal length 10 in. If the successive 
distances of the object from the lens be 6 in and 20 in find the 
nature, position and size of the image in each case. Find it 
graphically and verify by calculation. 

{Ans: Virtual, erect, 10 in. in front of the lens, 2 in; Real 

inverted, 10 in. behind the lens, ^ in.) 

8. An object is placed 6 cm in front of a lens, when an image 
is formed at a distance of 18 cm on the other side of the lens. 
What type of lens is it and what is its focal length ? 

{Ans: Convex ;4J cm.) 
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9. An object 2 in high is placed at a distance of 6 in from a 
concave lens of focal length 15 in. What is the distance, size and 
nature of the image? 

Wliat would happen if the lens were convex and of the same 
focal length? 

(Aws: 30/7 in, virtual and erect; 10 in; 

3^ in, virtual and erect.) 

10. What type of lens would you use to throw the image of a 
candle flame on a wall? What should be the focal length of a 
lens if an image magnified 10 times, is tlirown on a wall by placing 
the candle flame at a distance of 10 cm from the lens? 

{Ana: Convex; cm.) 

11. An object is placed at a certain distance in front of a convex 
lens of focal length 10 cm when the image is formed as far behind 
the lens as the object is in front of it. Find graphically the object 
distance and the magnification. 

{Ana: 20 cm; 1.) 

12. You have got two convex lenses. If you hold a pinin front 
of the first convex lens at a distance of 25 cm an inverted image 
is formed at a distance of 100 cm. If the pin is held in front 
of the second convex lens keeping the same object distance, 
the image distance also remain the same but tlie image becomes 
erect. Find the focal length of the two lenses. 

{Ana :—20 cm; 33^ cm.) 

13. Define power of a lens. What is a dioptre. Two lenses of 
power+2D and—TSD are placed in contact. Find the power and 
the focal length of the combination. 


{Ana: ’6D;—200 cm.) 



CHAPTER 26 


OPTICAL INSTRUMENTS 

In this chapter we shall give an account of some of the simpler 
optical instruments in daily use. Mirrors, prisms and lenses are 
used in instruments designed for various purposes. The action of 
the latter depends on the properties of the former. 

200. The Photographic Camera 

The essential parts of a photographic camera, as shown in 
fig. 219, arc as follows: 

(1) A light tight chamber whose interior is blackened. The 
side walls often consist of a folded leather bag w'liich enables the 
distance between the front and the back of the camera to be 
varied. 

(2) A photographic objective (L) (or simply, the le7is), which con¬ 
sists of a number of lenses, the com¬ 
bination acting as a swgle convergent 
lens. It is placed in front of the camera, 
and is mounted on a slide so that it u 
can be moved forwards and backw'ards. 

The purpose of the objective is to form 
a real image of the object to bo photo¬ 
graphed on a photographic plate. 

(3) A photographic plate which 
is mounted at tlie back of the camera. It consists of a glass 
or a celluloid plate coated with an emulsion of silver halogen 
compounds in gelatin. When light falls on the emulsion silver 
is deposited in it, the thickness of the deposit depending on the 
intensity of light. 

(4) A Gutter {8) which is a device for shutting out or admitting 
light from the object into the camera. 

There are generally quite a number of accessories in a camera 
of which the following may be mentioned: 

{%) A screm ((r), which consists of a ground-glass plate placed 
at the back of the camera. A sharp image of the object to be 
photographed is first formed on this screen. It is then replaced 
by the plate which is generally kept inside a plate-holder. 

(n*) A diaphragm (D). It is an adjustable aperture which controls 
the amount of light received from the object. It lies generally 
inside the lens system forming the objective, or behind it. 
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Action of a camera. A sharp image of the object to be photogra¬ 
phed is first formed on the ground-glass screen by moving the 
objective forwards or backwards as necessary. 

The screen is then removed and replaced by the photographic 
plate. Light from the object is allowed to fall on the plate for 
a short duration depending on the intensity of the light and the 
relative aperture of the lens. 

The relative aperture of a lens is defined as the ratio of the diameter of the 
aperture to the focal length of the lens. The larger the aperture, the shorter 
the exposure necessary. The /-number of a camera lens is the reciprocal of its 
relative aperture. A lens of /-number 4*5 means that the ratio of its aperture 
to the focal length is l/4*6 or that the aperture is //4*5 where / is its focal 
length. 

Light incident on the plate produces chemical reaction in the 
emulsion and deposits silver at different points of the image in 
different densities. This image is latent and needs to be developed 
and fixed by proper chemical treatment of the plate 

The image so formed on the plate is a ‘negative', as the brighter 
portions of the object deposit more silver on the plate and appear 
darker. A positive is printed from the negative by placing a 
sensitized paper in contact with the negative and exposing the 
paper to light. This positive needs developing and fixing more or 
less like the negative. 


201. The Eye 

The eye is a camera in miniature. As an optical instrument 
it is far more perfect than any camera which human ingenuity 
has devised. It forms a real image on a sensitive screen called 
the retina and can focus objects at different distances. 

Description. The eyeball (Fig. 220) is a nearly spherical cham¬ 
ber slightly compressed between the back and the front, and 
can be rotated in the socket by means of six muscles. The outer 
coating S, called the sclerotic, consiste of a firm, fibrous, white 
tissue and serves to protect the eye from injuries. The front 
part of the sclerotic is transparent and is called the cornea {C). 
^The sclerotic is coated on the inside with a dark coloured membra- 
ne^ the choroid {CH) which prevents the reflection of scattered light 
and thus shields the retina from stray light. At the front of the 
eye the choroid merges into the iris (!) which has a hole called 
the pupil (P) at the centre. The iris is a diaphragm which, by 
involuntary muscle control, regulates the light admitted through 
the pupil. Behind the iris lies the crystalline lens (L) which is 
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connected to the walls of the eye by the suspensory ligaments 
{SL). The back surface of 
the lens is more curved than 
the front surface and its re¬ 
fractive index increases in- ^ 
wards. Between the lens and 
the cornea is a watery liquid, 
the aqueous humour, while 
between the lens and the re¬ 
tina there is a jelly like subs¬ 
tance, the vitreous humour. 

The line joining the centres of C|V1 
the cornea and the crystalline 
lens is called the optic axis of 220 

the eye. 

The choroid merges on the inner side into an almost transparent 
rose coloured membrane called the retina (7?). The retina is rich 
in nerve fibres and blood vessels, and is the part of the eye 
sensitiA^e to light. All these nerves are joined directly to the 
brain, and where they leave the eye they form a bundle of nerves 
cs\\e<Xtho optic nerve [0). The region where the optic nerve pene¬ 
trates the retina is not sensitive to light and is known as the 
blind spot {BS). It lies nearer to the nose than the yellow 
spot {Y8) which is the most sensitive part of the retina. The 
image of an object directly viewed is formed on the yellow spot. 

Action of the eye. The cornea, aqueous humour, {AH) crystalline 
lens and vitreous humour form together an optical system, and act 
like a single converging lens. For the normal eye, the focal length 
of the combination is such that dist^int objects ;are imaged on 
the retina. The process by w'hich the eye adapts itself to see 
objects at different distances is called accommodation. By means 
of a ring’shaped muscle, known as the muscU {CM), attach¬ 

ed to the crystalline lens the curvature of its surfaces (chiefly 
that of the front surface) may bo increased, thus diminislung the 
focal length of the lens. The eye can thus see objects which arc 
nearer. 


The shortest distance at which an eye can see clearly is called 
the neai point. Its distance from the eye depends on the age of 
the observer. Many persons, particularly children, can see clearly 
at a distance of 10 cm by exerting the maximum accommodation. 
This produces strain in the eyes. Wc are however accustomed to 
focus our eyes on objects at a distance of 20 to 30 cm. Convention- 
ally, the value 25 cmis taken as the least distance at which a normal 
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eye, usually sees clearly. This distance is called the least distance 
of distinct vision. 

A normal eye, called an emmetropic eye, can see distant objects 
without accommodation. The most distant point which can be seen 
without accommodation is called tho far point. The range of 
vision of a normal eye is therefore from the near point to infinity. The 
eye focuses itself for different distances by the process of accom¬ 
modation. 

The eye forms on the retina a real, diverted image of objects which 
lie between its near point and far point. In spite of this inversion 
the brain interprets the images correctly (perhaps by experience). 

202. Defects of Vision 

The chief defects of vision which can be corrected by the use of 
lenses are the following: 

{i) Short-sight or Myopia. Ifan eye causes parallel light to meet 
at a point in front of the retina it is said to be myopic or short 



Yig. 221 Fig. 222 

sighted (Fig. 221). The far point is nearer than infinity, usually 
quite close to the eye. The near point may lie within a few centi¬ 
metres of the eye. The defect is due to the focal length of the 
eye being too short or the eye ball being too long. 

The remedy is to use a concave spectacle lens of appropriate 
power w'hich cancels the too great converging effect of the cornea 
and the eye lens, and enables images cf distant objects v> be 
formed on the retina. 

In fig. 222 jPis tho far point of a myopic eye. If a condave lens 
with its focus at F be placed in front of the eye, distant objects 
will be clearly imaged on the retina. Otherwise tho imago will be 
formed at Q. (Fig. 221). 

(ii) Long-sight or Hypermetropia. If the eye has too long a 



Fig. 223 Fig. 224 

focal length or tho eye-ball is too short, images of distant 
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objects will be formed behind the retina (Fig. 223). Such an eye 
is said to be lovig-sigMed or hypermetropic. The defect can be 
corrected by using a convex lens of appropriate power (Fig. 224). 
The lens increases the convergence of the beam after refraction 
and enables the image to be formed on the retina. 

{in) Presbyopia or Fax-sight. With age an eye may lose its po\^ er 
of accommodation and the near-point may recede beyond the 
normal 25 cm. Such an eye is said to he far-sighted or presbyopic. 
A person with this defect will hold a book at arm’s length for 
reading. 



The defect can bo corrected by using a convex lens of appfoi)ri- 
ate power. In fig. 225, P represents the normal near point and N, 
the near-point of a presbyopic eye. The correcting lens L (Fig. 
226) should have such a focal length that it can form sAN a virtual 
image of an object placed at P. 

203. Optical Aids to Vision and Angular Magnification 

The apparent size of an object is determined bj the size of the 
retinal image, which again is determined b\ the angle subtended 
at the eye by the extremities of an object. When an object is so 
smaller so far away that details init cannot be distinguished optical 
aids arc used to enable the eye to view the objects with maximum 
comfort and sufficient detail. Instruments like microscopes 
and telescopes have been devised so as to increase the size of the 
retinal imago by making the image subtend a larger angle at the 
eye than the object. The magnification, c. lied the subjective or 
angular magnification, in such cases is the ratio 

angle subtended by the image at the eye. 
angle subtended by the object at the eye. 

204. Magnifying Glass. The size of the retinal image of a small 
object can be increased and the object made to appear bigger by 
using a convex lens. A lens so used is called a magnifying glass, 
hand-tens or sometimes a simple microscope. There are two 
methods of using a hand-lens. 

(i) Image at the near point. The angle subtended at the eye by 
a small object of height h placed at the near point, distant dfiom 
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the eye, is hjd. The object should not be brought nearer to the 
eye than this as it would produce ill effects. Let us now place a 



Fig. 227 

convex lens in front of the eye and close to it, and move the object 
nearer to the lens so that a virtual image is formed at the near 
point (Fig. 227). Assuming the lens to be very close to tho eye and 
ignoring the thickness of the lens, the angle subtended by the 
image at the eye is hju. 

hlh d 

Therefore the subjective (or angular) magnification—-^-^—— 

But w is the object distance and d, the image distance. From 
the lens formula 1/v—l/tt=l//, we get, on taking signs into 
consideration, 


1 _ 1 _ 1 
d u / 
Or, multiplying by d and transposing, 


u ' / 

Hence the angular magnification 


(204.1) 


m«=l -I 


d 

f 


(204.2) 


It follows, therefore, that a magnifying glass in conjunction 
with a fully accommodated eye gives a magnification which is 
greater the shorter the focal length of the lens. Such a glass is 
most useful for far-sighted persons, as d is larger. For short 
sighted persons d is small and little benefit is derived by using a 
lens as above. The imago may be formed at any point between 
the near and the far points. The further away it is the smaller 
is the angle subtended at the eye, and hence the magnification is 
also smaller. Magnification also diminishes if the eye is moved 
away from the lens. 


(ii) Image at the far point. The other method of using a hand- 
lens is to place the object in the focal plane of the lens so that 
the image is formed at the far point. This has the advantage 
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that no accommodation need be exerted by the eye, and nence 
there will be no strain in the eye even if the work is continued for 
a long time. The angular magnification may be shown to be equal 
to djf. The very small difference in magnification from the former 
case is not of much consequence, while it is a positive gain to avoid 
eye-strain. 


205. The Compound Microscope 

The purpose of the compound microscope is to increase the 
size of the retina* image of objects so small that the magnification 
produced by a hand-lens does not suffice. 

Description. It consists of two convergent (convex) systems of 
lenses mounted coaxially in a tube. The lens near the object, 
called the objective, is of small aperture and short focal length. 
The other lens, behind which the eye is placed, is called the 
eye-piece. Its focal length is comparatively longer. The eye piece 
can be pushed in or drawn out as req^ ired. 

Action. The action of a microscope will be clear from Fig. 228. 
Let jD, be the objective and the eye piece. A small object PQ 
is placed just beyond the focus F, of L,. Rays diverging from Q 



Fir. 228 

will, after refraction through the objective, converge to the point 
Qi, forming a real, inverted and magnified image P,^i 

now serves as an object for the eye piece. The eye piece is 
so moved that P^Q^ falls within its focal distance. Rays divciging 
from Qt will after refraction through appear to come from Q', 
a virtual and magnified image of the object being finally formed 
at P'Q\ The eye piece functions just like a magnifying glass. 
The final image is usually formed at the near point though it 
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may with profit be formed at tho far point. The image at the near 
point gives maximum magnification, whereas at the far point it 
gives least eye strain. 

Magnification. The magnification is produced in two stages ; 
first by the objective and then by the eye piece. Tne resultant 
magnification can be shown to be equal to LDjfofe, where L=tube 
length ; Z>=least distance of distinct vision \ jo, /«—focal lengths 
of the objective and the eyepiece respectively. 

To get 8 high magnification, fo and must be small. The 
magnification also increases with increase of tube length. 

206. Telescopes 

The purpose of a telescope is to increase the size of the retinal 
image of a distant object. 

A real, inverted and diminished image of the distant object 
is first formed by 8 lens, called the objective of tho telescope. This 
image is then viewed by a lens (actually a system of lenses), called 
the eyepiece, in the same way as a small object is seen through 
a magnifying glass. 


A. Astronomical Telescope 

Description. It consists of (1) an objective which is generally 
a combination of two lenses acting as a single convergent lens of 
large focal length and aperture. It forma a real, inverted and 
diminished image of a distant object hi its focal plane. 

(2) A convergent eyepiece mounted co-axially with the objec¬ 
tive and having its first focal plane coincident with the second 
focal plane of the objective. The eyepiece thus acts as a magni¬ 
fier to view tho real image formed by tho objective. The. final 
image is at infinity. The distance between the objective and 
the eyepiece is the sum of the focal lengths of the two. 



Fig. 229 
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Action. The optical action may be understood from Fig. 229. 
Since the object is situated at a great distance, the incident 
rays from a point on the object mav be treated as a parallel 
pencil making a small angle with the axis of the telescope. 
Parallel rays from a distant object, on refraction through the 
objective L^, form a real inverted and diminished image FP in 
tbe focal plane of the objective. 

FP serves as the object for refraction by the eyepiece. For 
normal vision, the focal plane of the eyepiece is made to coincide 
with that of the objective. Thus FP becomes an object in the 
focal plane of the eyepiece L^. So the rays diverging from FP, 
on refraction through £ 2 , are rendered ^rallel and a magnified 
and inverted image is produced at infinity, (The final image 
can be formed anywhere bctvreen the far and the near points 
of the observer by moving the eye piece towards FP. Bat heving 
it at infinity minimizes eye-strain). 

Magnification. The magnification m produced by a telescope 
is defined as the ratio 


t'lngle (jS) subtend ed by th e i mage at the eye 
single (o<) subtended by the object at the eye 

Since the object is far away the angle subtended by it at the 
eye is practically the same as tliat subtended at the centre of the 
objective. Hence from Fig. 229. 


^FC^ FPIC^F^ C,F_f, 
/_FG^P'~ FP[C,F-^C^F~U 


(206.1) 


where /, and arc the focal lengths of the objective and the 
eyepiece respectively. 

An astronomical telescope is generally used for vmving celestial 
bodies. Since they are at great distances and appear very small 
a large magnifying power is needed to examine smaller bodies. 
Hence the focal length of the objective -.boidd be large. More¬ 
over the brightness of the image depends on the amount of light 
from the object which the objective collects. Objectives (f 
astronomical telescopes are therefore made to have a large 
aperture. 


B. Galilean Telescope 

The astronomical telescope is not suited for observation of 
terrestrial objects as the final image is inverted. For terrestrial 
observations a Galilean telescope may be used. It differs from 
an astronomical telescope in the nature and position of the eye- 
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piece. The objective is similar to that of an astronomical teles¬ 
cope. The eyepiece is a concave lens. The distance between 
it and the objective .is equal to the difference between the 
numerical values of their focal lengths. This makes the second 
principal focus of the objective and the first principal focus of 
the eyepiece coincident in position. The lenses are coaxial. 



on refraction through the objective 2i,, w'ould have formed a 
real image FP in the focal plane had not the concave lens 
intercepted it. Thus FP may be considered as a virtual 
object in the first principal focal plane of Xa- Consequently rays 
on refraction through the lens become a parallel beam. The 
final virtual imago is thus at infinity and lies on the same side of 
the axis as the object. It is, therefore, erect. 

Magnification. As before 

angle (^) sub tended by the image at t he eye 
““angle (o<) subtended by the object at the eye 

_B _FPIC^F __C,F_f, 

"i-FPjC;F-C,F-f, 

207. The Magic Lantern or Projection Lantern 

The magic lantern is used for projecting upon a distant screen 
an enlarged image of a brilliantly illuminated transparent object, 
generally a photograph or drawing on glass. Its essential 
parts are ; 

(i) A powerful source of light (8; Fig. 231). A reflector {R) is 
placed behind the source to increase the illumination. 

(ii) Two condensing lenses {C,C) of large aperture. The wholes 
of the light they collect passes through the object. 
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(iu) A slide-holder (AB) containing the slide (0) which is the 
object. 



Fig. 231 


(iV) An objective L, which is a combination of lenses forming a 
real, enlarged image of the slide on a screen. 

Since the screen is at a considerable distance the slide is placed 
a little beyond the principal focus of the objective. Note that the 
lantern is much like a camera, but the positions of the object 
and image have been interchange<l. We may call the lantern a 
camera in reverse. It is very important to have a powerful 
source of light which much be small in size 
The condensing lenses form an image of the source at the centre 
of the objective. This increases the brightnecs of the inage to a 
maximum. The image is focussed on the screen by moving L as 
in a camera. 


Exercises 

1. Describe a photographic camera and explain how it works. 

2. Draw a neat sketch of the human eye and label the parts. 
Describe its optical action. What are the similarities between 
a camera and an eye ? 

3. What is accommodation ? What is meant by ‘the near point’ 
and ‘the far point’ of an eye ? What are the distances of these 
points in the case of a normal human eye ? 

4. What are the main defects of vision ? How are they cor¬ 
rected ? Give diagrams. 

5. How would you use a convex lens to act as a magnifier ? 
Where would you prefer to form the image and why ? 

17 
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6. Describe a compound microscope and explain its optical 
action with a neat diagram. 

On what factors does the magnifiying power of a microscope 
depend ? 

7. Describe the construction and explain the optical action of 
an astronomical telescope. 

On what factors does its magnification depend ? Why is the 
objective made large in size and focal length ? 

8. Describe and explain the action of a Galilean telescope. 
How does it differ from an a .tronomical one ? What is its ad¬ 
vantage ? 

9. Draw a neat sketch of the projection lantern. Describe the 
function of the principal parts. 

In what sense can it be called a camera in reverse ? 
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DISPERSION AND SPECTRUM 

208. White Iiight consists of Seven Colours 

When a narrow beam of white light is incident on a prism, 
the emergent beam is not only deviated, but is at the same 
time split up into a coloured band. On placing a screen to 
receive this band, colours are found to lie in the order violet, 
indigo, blue, green, yellow, oprange and red. The coloured band is 
called the spectrum of the incident light and the above sequence 
of colours is referred to as VIBGYOR. If any one of these 
colours is allowed to pass through a slit and fall on another 
prism, it will bo further deviated, but no new colours will be 
formed. This shows that white light consists of seven colours. 
The colours in a spectrum gradually pass from one to the other. 
So the total number of colours is really infinite. 

The splitting of white light into a coloured band occurs in a 
direction perpendicular to the refracting edge of the prism. Red 
is found to be least deviated and violet most. The refractive index 
of red light is therefore smaller than that of violet light. The separa¬ 
tion of different colours due to the differences in their refractive 
indices is called dispersion. 

209. Recomposition o£ White Light 

(i) To verify whether the 
oolours into w'hich white 
light is split up by a prism 
may be combined to give 
white light again, the spec¬ 
trum formed by a prism 
(P,; Fig. 232) is allowed to 
pass through a second iden¬ 
tical prism {Pa) turned the other way round. It will be observed 
that the second pi ism has combined the different colours into 
white light. The first prism has analysed the white light and the 
second prism has synthesised it. • 

(u) Take a Newton’s disc, which is a circular disc of cardboard 
divided into unequal sectors painted with the colours of the 
spectrum in their correct nrdportions (Fig. 233) and attached 
to a table. When the disc is rotated rapidly, it appeara 
nearly white, not because there is any real mixture Of colours, 
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but because of the fact that impressions on the retina last 
for about seoc'ud. Before the impression due to any one 

colour has died away it is succeeded 
by all other colours. This is a 
phjrsiological, but not a physical 
mixture of colours. 

210. Pure Spectrum 

The spectrum obtained by allow¬ 
ing a beam of light to 
I)aas tnrough a prism and 
receiving it on a screen is 
not pure. It consists of 
a series of coloured images 
of the source, one overlapping another (Fig. 234). 

This may be ascertained by blo>?ving smoke in the 
path of the rays following the prism. The smoke 
appears coloured only at the boundary of the beam, 
the centre being %vhite near the prism. Colours 
appear more clearly the greater the distance from 
the prism. 

A spectrum in which lights of different colours arc not super¬ 
posed is called a pure spectrum. 

Conditions for producing pure spectra. The spectrum is purer 
the narrower the region over which the rays of a single colour 
from the source are concentrated. This may be biought about by 

(i) using a narrow slit as the source of light; 

(ii) setting a prism for minimum deviation of tno mean ray of 
the spectrum through it; 

(Hi) Reducing the divergence or convergence of the bundle of 
rays (of a given colour) which passes through the prism. The 
best arrangement is to have a parallel beam. 

A method of produc¬ 
ing pure spectrum. 

The above conditions 
are satisfied in the 
arrangement represent¬ 
ed in fig. 235. iSf is a 
narrow slit illuminated 
by white light. It is in 
the focal plane of the 
lens Lf Li forms a parallel beam,' which fall on the prism 
P interposed behind L, in the position of minimum devia 






Fig. 2 4 
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tion for rays of the middle part of the spectrum, i.e., for yellow- 
green rays. Emergent rays of any one colour undergo the same 
deviation and come out as a parallel bundle. Owing to dispersion 
the angle of emergence is different for different colours. A secc.nd 
convex lens now brings the different parallel bundles to dif¬ 
ferent foci, red at E, violet at V, with other colours in between 
them. The spectrum RV can be received on a screen placed in 


the second focal plane of 


Types of Spectra 


A. Emission Spectra. The spectrum of the light emitted by an 
incandescent body is called its emission spectrum. Emission 
spectra may bo classified as {a) continuous spectra, (6) Mne spectra 
and (c) hand spectra. 


(a) Continuous spectra. Emission spectra in which all colours are j 
found to bo present are known as continuous spectra. Such 
spectra are emitted by all incandescent solids, and are more 
or less alike. 


(b) Tiinft spectra. Spectra consisting of narrow discrete regions 

only (tho so- 
called ‘lines’) are 
called line spec¬ 
tra. They are 
emittedby atoms 
of elements in 
the gaseous 
state. Each ele¬ 
ment has its cha¬ 
racteristic spec¬ 
trum ; it can, 
therefore, be 236 

identified by its spectrum. The number ol lines vary widely from 
element to element (Fig. 236). While sodium has practically one 
lino in the visible spectum, iron has thousands. 

(c) Band spectra. Spectra which appear to consist of ‘bands’ of 
light are called band spectra. Each band consists of a large 
number of lines grouped together. Band spectra are emitted by 
molecules in tho gaseous state. 

B. Absorption spectra. When white light'is passed through a 
coloured, transparent substance and the transmitted light is 
spectrally analysed, it is found that some regions of the continuous 
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spectrum are missing. These missing regions constitute an absorp¬ 
tion spectrum. 

Each substance has a definite absorption spectrum and can be 
identified with its help. A man was acquitted of murder charge 
when it was found by spectrum analysis of the blood stains on 
his cloth that the blood was that of a goat and not of a man. 


Solar spectrum and Fraunhofer lines. The spectrum of the sun, 



at first sight, appears 
to be a continuous 
one. But on closer 
examination it is found 
tobe crossed by a large 
number of fine dark 


Fig. 237 lines. It is actually a 

line absorption spedruni. 'l^e fine dark lines are called 
Ftaunhofer lines after the name of the discoverer. Fig. 237 
represents the solar spectrum in which some of the principal 
Fraunhofer lines have been shown. They are named by the letters 
A, B, C, D etc, {ind are due to absorption by atoms of various 
elements, such as H, He, Ca, Na, etc. Over fifty elements known 
on earth have been identified in the sun by their spectrum. 


212. Colours of Bodies 

The colour of a body depends on {i) the light which illuminates 
it and {ii) the light it reflects if it is opaque, or the light it 
transmits if it is transparent. 

If a red rose is illuminated by light of different colours, as in the 
spectrum of sunlight, it will appear red only in red light and practi¬ 
cally black in light of other colours. The rose looks red because it 
reflects red from the light falling on it and absorbs the other 
colours. If the light illuminating it has no red in it, there is nothing 
for the rose to reflect; hence it looks black. If an assortment of 
flowers of different colours is iliuminated by light from a sodium 
flame, which is yellow, white and yellow flowers will appear yellow, 
and the rest dark. 

A white body looks white in day light because it reflects equally 
all the colours of day light falling on it and does not absorb any. 
A green leaf appears green in day light because it reflects green and 
absorbs the other colours of day light. In red light the white body 
wiU look red and the green leaf, dark. We thus see that 
colour of an opaque body depends on the colour of the light it reflects. 

If a spectrum is viewed through a piece of red glass, only the red 
portion can bo seen. A green glass will transmit only the green. 
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When the red glass is held in green light or the green gla^ in red 
light, it looks almost black. When we hold the red and green 
glasses together in day light the combination appears dark as 
almost no light passes. These show that the colour of a transparent 
body depends on the colour of the light it transmits. 

Mixture ot coloured lights. Almost any colour can be produced 
by a suitable combination of three colours. They are red, green and 
him, and are called the primary colours^ Most colours can be 
matched by superposing on a screen illuminations of these colours 
in different proportions, 

' Two colours which together produce the sensation of white are 
called complementary colours.J'If from the spectrum of white 
light we take away red, the rest of the colours appears bluish green. 
Red and this bluegreen, which is sometimes called peacock green, 
arc therefore complementary colours. Yellow and indigo, green 
and purple or magenta, orange and blue, are similar pairs of 
complementary colours. 

Mixture of pigments. When yellow and blue light are superpos¬ 
ed on a screen the resulting colour is nearly white. But when a 
yellow pigment and a blue pigment are mixed in equal proportions 
the colour of the resulting mixture is green. This is so because 
yellow pigment reflects both yellow and green, and the blue pig¬ 
ment reflects both blue and green, each absorbing all colours of 
the spectrum other than those it reflects. As green is the only 
colour which both reflect the mixture of the two pigments 
appears green. The colour of a mixture of pigments is the one 
which escapes absorption by the different ingredients.^^' 


Exercises 

How would you show that white light is made up of many 
colours, and that these colours may be combined to produce 
white light ? 

y 

2. What is a pure spectrum ? How would you form one \ 
Draw a neat sketch to represent your arrangement. 

3. How would you classify the different kinds of spectra? What 
are the kinds of spectra to which gaseous atoms, gaseous molecu¬ 
les and incandescent solids give rise? 
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4. What kind of spectrum is the solar spectrum? What are 
Fraunhofer lines? 

6. Describe simple experiments to show that the colour of a ^ 
body depends on 

(а) the colour of the light which illuminates it, 

(б) the light it reflects, if it is opaque, 

(c) the light it transmits, if it is transparent. 

6. What are meant by 'primary colours and complementary 
colours^ 

When a yellow and a blue light are superposed on a screen the 
colour is nearly white; but when a yellow and a blue pigment are 
mixed the colour is nearly green. Explain. 



CHAPTER 27 


GENERAL PROPERTIES OF MAGNETS 

213. Natural and Artificial Ittagnets 

Modern civilization owes a great deal to magnets. Large scale 
production of electrical power would have been impossible without 
them. We would have no electric motors driving machinery in our 
factories, or running our tramcars and electric trains. No commu¬ 
nication through telegraphy and telephony would have been possi¬ 
ble. Examples of this kind may bo multiplied without limit. 

Knowledge of natural magnets dates back to about 3000 
years. The Chinese are reported to have known even about 1000 
B.c. that small bits of iron would stick to a certain kind of stone, 
later called lodestone. It is an ore of iron known as magnetite and 
occurs in the earth’s crust at many places, such as Asia minor, 
Scandinavia, the U.S.A., and some other countries. 

The name lodeMom was given to those specimens of magnetite 
which had the following two properties: 

(i) An attractive property. A piece of this stone attracts iron. 
The power of attraction is mostly concentrated at two places of 
the stone. 

{ii) A directive property. When apiece of this stone is suspen¬ 
ded horizontally it tends to come to rest with these ends pointing 
roughly north and south. 

It is easy to pro¬ 
cure specimens of lode- 
stone; almost an;y deal¬ 
er of scientific ins¬ 
truments will be able 
to supply one. To test 
the attractive pro¬ 
perty the stone may 
be dipped into iron 
filings. The filings 
will adhere to two ends of the stone. Small iron nails will be 
similarly attracted (Fig. 238). 

To test the directive property the specimen may be placed 
on a paper stirrup and hung by a long thread from a wooden 
stand (Fig. 239). The thread unwinds at first causing the stone 
to spin. Bring the spin to a stop and see how the stone 
takes up a fixed direction. If disturbed it will again take 



Fig. 238 
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up this direction—very nearly a north-south one. It is as if some 
external controlling force acted on the stone and repeatedly 
brought it to rest in the same position. Tlie 
controlling force is due to the magnetism of the 
earth. In ancient times mariners are said to 
have guided their ships with the help of the 
directive property of these stones. Hence the 
name lodestone or lead-the-way stone. 

Bodies which have the attractive and 
directive properties described above are called 
magnets. Lodestones are natural magnets. 

It soon came to be discovered that these 
"S properties could be imparted to small pieces 
of iron by rubbing them with a lodestone Pieces 
of iron which have been made to acquire the 
attractive and directive properties of nat^iral 
magnets are called artificial magnets. They can be made much 
more powerful than natural magnets and are the kind we use 
practically for all experimental purposes. When a body is 
endowed with the attractive and directive properties of a natural 
magnet, it is said to be magnetized or to have acquired the 
property of magnetism. 

Artificial magnets are generally named according to their shape. 
Ordinarily we have the following (Fig. 240): 




Fig. 240 

1. Bar magnet. It is a bar of rectangular or circular section. 

2. Magn^ic needle. Itmayhaveany of the shapes shown in fig. 
241. The magnet is so pivoted as to be horizontal and free to move 
in a .horizontal plane. It is a most useful piece of apparatus and 
may be small or large (Also see § 245). Small needles encased 
in a glass case with or without the cardinal points indicated are 
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generally called compass needles. Some needles may have a 
long, light pointer fixed to it at right angles. 



Fig. 241 




3. HorsC’Shoe magnet. 

4. Ball-ended magmt. 

The list is by no means exliaustive. 


214. Some Definitions 

(i) Pole. When a bar magnet is dipped into iron filings, 
they adhere mostly to the ends 
of the bar (Fig. 242). The attrac¬ 
tive property of a magnet is 
strongest near the ends. The 
poles of a magnet are the regions 
where the attracting power is 
greatest. A magnet has tivo poles 
at its two ends. The middle of the Fig. 242 

magnet has practically no attractive pow'er ; iron filings hardly 
stick to tliis region. 

(ii) The North Pole and the South Pole. When a magnet is 

suspended freely in a horizontal plane (Fig. 
243), it will bo seen to come to rest with a 
particular end pointing north. It will take 
the same position even when displaced. The 
pole near the end of the magnet which 
points north is called the north-seeking 
pole or the north pole. The other pole, 
which is towards the south, is called the 
south-seeking pole or the sooth pole. 

(iii) Magnetic Axis. The straight line 
joining the two pol^ of a magnet is called 
the magnetic axis. It does not always 
coincide with the geometrical axis. 


XU 


Ni 




Fig. 243 




*268 


MAOITETISM 


(iv) Mf^notic length. The distance between the poles of a 

^_ magnetic LENGTH -^ magnet is called the mag- 

Nl • - -netic length. It is shorter 

< GEOMETRICAL LENGTH >■ geometrical length 

Fig. 244 (!’%• 244). 

(v) Magnetic meridian. When a freely suspended magnet 
comes to rest, the vertical plane passing through the axis of the 
magnet is called the magnetic meridian of the earth at the place. 

215. Like Poles repel; Unlike Poles attract 

Take a magnetic needle or suspend a bar magnet so that it can 
move freely in a horizontal plane. Take 
another magnet of which the poles are 
marked. From a considerable distance 
bring the north pole of the latter near the 
north pole of the former along a line per¬ 
pendicular to the former (Fig. 245). You 
will find that there is repulsion between 
the two. 

Repeat your observation bringing the 
south pole of one near the south pcle of the 
other. There will be repulsion. Like poles 
repel. 

Now bring the north pole of one near 
the south pole of the other and vice 
versa. There will be attraction. Unlike Fig. 245 

poles attract. 

216. Repulsion is a surer Test of Magnetization 

If a bar of unmagnetized iron is brought near a pole of a magnet 
there will be attraction between the two as between two 
unlike poles. Hence when there is attraction between two bars 
one of which is known to be a magnet, we cannot say definitely 
whether the other is also a magnet or not. If, however, there is 
repulsion between two ends, we can say definitely that both 
must have the same polarity, and hence the other bar must also 
be a magnet. Repulsion is therefore a surer test of magnetization 
than attraction. 

217. How to test a Piece of Material for Magnetization 

To.test if a body is magnetized we should, from a distance, 
bring one end of it gradually close to one end of a magnetic needle 
along a line perpendicular to the needle. (Also see §223). If there 
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is repulsion, the bod;y is magnetized. That end of it which 
approached the needle had the same polarity as the polo it 
repelled. 

If there was attraction, the observation should be repeated on 
the other pole of the needle. If there is attraction again, the body 
is unmagnetized. If we find repulsion nojv. we should conclude 
that the body is magnetized. 

218. Magnetic and Non-magnetic Substances 

Substances which arc strongly attracted by magnets are generally 
called magnetic substances. They are few' in number and ordina¬ 
rily comprise iron, nickel, cobalt and some of their alloys. Present 
day high quality magnets are made of various alloys, mainly 
of the elements iron, nickel and cobalt. Alnico (an alloy of com¬ 
position 10 Al, 18Ni, 12 Co, 54 Fe, 6Cu) is oneof the best materials 
for making permanent magnets. It is hard and brittle, and caimot 
bo machined satisfactorily. Magnets made of alnico alloy there- 
fore have a crude look. Ticonal and cobalt steel (with 35% Co) 
also make strong permanent magnets. 

The great majority of substances do not appear to be affected 
by magnets and are commonly referred to as being non-magnetic. 
This classification of substances into magnetic and non-magnetic 
is rather crude as magnets have some action on all substances, 
though extremely feeble in most cases. 

It may be instructive to discuss how to identify three exactly 
similar looking bars one of which is a magnet, one a bar of un¬ 
magnetized iron (a magnetic substance) and the third, a bar of 
brass (a non-magnetic substance). 

In doing so we may remember that 

(i) The brass bar will neither attract the other bars nor be 
attracted by them as brass is non-magnetic; 

{ii) The bar of unmagnetized iron will bo attracted at all places 
over it by either end of the magnet; 

(Hi) the middle of the magnet will show no attractive power. 

So, if we take the bars in turn and run one end of the bar so 
taken along the other two, one after another, w-e should conclude 
as follows: 

(а) If the bar in hand in not attracted by the other two, it 
is the harass bar. 

(б) If the bar in hand is attracted by the ends of another bar, 
but not by the middle portion of the latter, the one in hand is the 
unmagnetized iron bar, and the other, the magnet. 
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219. Magnetic Induction 

Place a magnetic needle on the table (Fig. 240). Along a lino 

perpendicular to the axis of 
needle and passing through 
one of its ends (poles), place 
a magnet NS at the same 
height. Let the N-pole of NS 
point towards the N-pole of 
the needle. Adjust the distance 
between the needle and the 
magnet such that the repulsive 
action between their north 

Now place aso/i ironbar AB between the magnet and the N-pole 
of the needle. The latter will bo found to be repelled. This shows 
that bar AB has acquired magnetism under the influence of the 
magnet NS, and that the end B has north polarity. Obviously 
A has a south polarity. On reversing the magnet NS so that its 
south pole is nearest to ^4, it will be found that the N-pole of tlie 
needle is attracted by B. The poles on A B have been reversed by 
reversing the poles of NS. 

When the magnet NS is removed, the bar AB will be found to 
have practically lost all magnetism. Magnetism on A5 reappears 
as soon as NS is put back in its position. 

It thus appears that the bar AB acquires magnetism only 
when it is under the influence of the magnet NS. Tliis sort of 
magnetism is called induced magnetism and the phenomenon is 
called magnetic induction. 

The N-pole of NS induced a S-pole at the end oi AB nearest 

to it. An inducing pole induces opposite polarity at that end of the 
body under induction which is nearest to it, and similar polarity 
at the remote end. 

The soft iron bar AB may be replaced by similar bars made of 
I other materials to see if they are capable of being magnetized 
by induction. Repeating the experiment with various materials 
it will be seen that magnetism can be induced only in magnetic 
substances, some, such as soft iron, being more easily magnetiz- 
[^able than others. 

220. Induction precedes Attraction 

It is reasonable, to think that when a magnet attracts iron, 
events take place in the following sequence : 

(i) As soon as one pole of a magnet is brought hear a piece of 




n 



Fig. 246 

poles is hardly perceptible. 
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iron, its end nearest to the magnet acquires by induction a 
polarity opposite to that of the attracting pole, while the farthest 
end acquires the same polarity. 

(ii) An attraction then ensues between the attracting pole and 
the induced opposite pole. 

There is also a repulsion between the inducing pole and the in- 
ducecl like pole. But the opposite poles being nearer, the attrac¬ 
tion is greater than the repulsion. 

The attraction between a magnet and a piece of iron (or any 
other magnetic material) is thus a result of magnetic induction. 
By the statement “induction precedes attraction” we mean the 
above sequence of events. 

221. Additive Effect of Induction * 

Place a bar of soft iron on a table with about a third of it 
projecting beyond the edge. 

Keep two strong magnets 
on the table with their like , s. 

poles close to one end of the 
bar (Fig. 247). Thfy will 
magnetize the bar by induc¬ 
tion. At the other end sup¬ 
port as many small iron 
nails (or gramophone pins) 
as possible. Gradually Fig. 247 

move away one of tlie magnets. You will find that some of the 
nails fall off. Reverse the magnet removed and bring its opposite 
pole gradually closer to the bar. You will find that more nails fall 
off and finally the bar may hold none. 

This shows that the strength of the induced magnetism de¬ 
pends on the strength of the inducing pole. The former increases 
or diminishes as the latter. Induction is an additive effect of the 
inducing poles, 

222. Amount of Induced Magnetism 

The amount of magnetism induced in a body depends on the 
following factors : 

(i) The strength of the inducing pole. The stronger it is the 
greater is the magnetism induced. 

(ii) The distance between the inducing pole and the induced 
body. The shorter this distance the greater; the induction. 

(iii) The nature of the magnetic substance. Magnetic induction 
in^a soft iron piece will be greater than in a similar piece of steel 
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under identical conditions. That in cobalt or nickel will be 
still less. 

223. Change of Polarity due to Induction 

When the north pole of a strong magnet is brought sufficiently 
close to the north pole of a magnetic needle (or a weaker magnet), 
an attraction is often seen to occur between the two. The reason 
is that the strong N-pole induces on the N-pole of the needle a 
south polarity which is stronger than the existing north pole of 
the needle. The stronger induced pole overcomes the effect of the 
weaker permanent pole. Hence the pole behaves like a south 
pole and is attracted by the inducing N-pole. 

Such change of polarity may bo permanent. Tliis fact must be 
remembered while testing the polarity of a magnet with the help 
of another magnet. The two magnets should bo brought gradimlly 
nearer together from a distance. A strong pole should never be 
brought too close to a testing pole. 

224. Induction through Non-magnetic and Magnetic Substances : 

Magnetic Screening 

Induction takes place without hindrance even if non-magnetic 
materials intervene ; but it is effectively hindered by the inter¬ 
vention of magnetic materials. This may be tested as follows : 

Support a strong magnet vertically 
on a wooden stand (Fig. 248). Tie a soft 
iron nail to the stand by a short piece of 
string so that the nail is hold in air by the 
attraction of the magnet, but a little 
away from the attracting pole. Adjust the 
distance between the two so that any 
further increase in distance causes the 
nail to drop. 

Slide sheets of non-magnetic material 
between the nail and the magnet. The 
nail is unaffected, showing that the induc¬ 
ing effect of the magnet on the nail is not 
reduced by the interposition of a non- 
Fig. 248 magnetic material between the two. 

Induction takes place unhindered through non-magnetic 
materials. 

If a sheet of magnetic material is introduced between the 
nail and the magnet, the former immediately drops. This shows 
that' the effect of the magnet on the nail is reduced by the 
interposition of a magnetic material between the two. 
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Magnetic substances differ in their power of so reducing the 
effect of a magnet. It has been found that substances which are 
most easily magnetized are the most effective. Soft iron is 
better than steel in this regard, and steel better than cobalt or 
nickel. * 

If, therefore, we want to keep a space free from the effect of 
magnets, we have to surround the space with sheets of soft 
iron. This is known as magnetic screening. 

225. Some important Magnetic Properties: 
Susceptibility, Retentivity, Coercivity 

(a) Susceptibility. When we say a boy is susceptible to cold, 
we mean he catches cold easily. In magnetism the term ‘suscep¬ 
tible’ has a qualitatively similar meaning. A substance which 
acquires induced magnetism more easily than another is said to 
have a higher susceptibility. 

Soft iron has a higher susceptibility than steel. In the presence 
of an inducing magnet soft iron acquires a stronger magnetism 
than a piece of stool. There is an alloj called mu-metal which 
can bo very strongly magnetized by even a weak magnetizing 
force. It has a high susceptibility. Its composition is 73 Ni, 
22 Fc, 5 Cu. 

(b) Retentivity. It is that property of a magnetic substance 
by virtue of which it retains magnetism after the inducing magnet 
has bec‘n removed. The magnetism retained is called residual 
magnetism or remanence. 

Steel retains more than soft iron the magnetism it acquires 
under given conditions. Hence we say that steel has a higher 
retentivity than soft iron. Permanent magnets should be made of 
materials with high retentivity. 

(c) Coercivity. Substances with a residual magnetism behave 
differently when attempt is made to remove it. Some substances 
resist the removal of the residual magnetism more strongly than 

[ others. Coercivity is tha.t property of a magnetic substance by 
virtue of which it retains magnetism even when subjected to 
forces tending to reduce the magnetism. 

A permanent magnet should be made of a material with a 
liigh coercivity as well as high retentivity. Alnico (§218) is 
such a material. Two alnico magnets, placed one on top of the 
other, repel so strongly that the top magnet may remain sus¬ 
pended in air if prevented by ‘guides’ from twisting or shooting 
to one side. 

18 
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226. Methods of Magnetization 

A magnetic substance may be magnetized in a number of ways. 

(i) Method of single touch. Fig. 
249 shows the method, AB ia the 
bar to be magnetized, and NS the 
magnet with which to do it. AB is 
stroked repeatedly with one pole of 
NS, starting always at one end and 
finishing at the other. NS must be 
lifted and brought back to the 
starting point,as shown by the dotted line in the figure. AS is 
then turned upside down and the strokes repeated. 

The end of the bar where the stroking magnet leaves it, acquires a 
polarity opposite to that of the stroking pole. 

The method is suitable only for magnetizing thin bars such as 
compass needles. Darning and knitting noodles can also be 
magnetized in this way. NS should be a strong magnet. The 
effect clearly is one of induction. 

(ii) Method of divided or separate touch. The method is shown 
in fig. 250. The stroking is 
done with two magnets, 
opposite polos being used 
over the two halves in the 
same way as in the pre¬ 
vious methofl. The strokes 
are repeated with the iron 
bar turned upside down. 

The law of polarity is the 
same as in method (i). Instead of two magnets, the two polos of 
the same magnet can bo used for stroking the two halves, 
starting always at the middle. 

This method gives stronger n*agnets than method (i). 

(di) Method of double touch. Here 
two stroking magnets are used. They 
are held obliquely with their opposite 
poles near each other but separated 
by apiece of cork or wood (Fig. 261). 
The oblique magnets are moved to- 
Fig. 261 gether from the centre of the bar to 

be magnetized to one end, then to the other, and finally brought 
to a stop at the centre. The operation is . repeated a number of 
times, and also with the bar turned upside down. The polarities 
will be as shown. 




Fig, 260 
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This method produces stronger magnets than either method 
(i) or (ii). 

None of the above methods are, however, of any practical use. 
Much stronger magnets can be produced by electrical means as 
described below. Besides, electrically produced magnets are free 
from one defect common to magnets produced by stroking. 
The latter often liave like poles at the ends, and the opposite 
poles at the middle. Such poles are called consequent poles. 

(iv) Magnetizaiion by electric current. 

(a) Magnetizing solenoid. A piece 

of glass tubing (Fig, 252) wound with 
close turns of insulated copper w'ire 
serves to magnetize knitting needles 
or rods or bars of iron and steel. The 
bar is placed inside the tube, and a 
strong electric current sent through Fig. 252 

the copper coil, cjilled a solenoid. To produce better results the 
bar may be gently tapped with a wooden mallet while the 
current is passing. The current need not pass for more than a 
short while. On withdrawing the bar from the solenoid it will be 
found to have been magnetized. This method produces strong 
magnets free from consequent poles. 

Viewed from one end the current in the solenoid will appear to 
flow in a clockwise dfrcction. The end of the bar lying towards 
this end of the solenoid will have south polarity. 

(b) Electromagnets. If W'e take a soft iron rod and pass an 
electric current round it, as in the above expciiment, the soft 
iron becomes a strong magnet. When the current ceases to flow 
the soft iron loses its magnetism immediately. A magnet the 
magnetism of which is excited by an electric current and lasts 

so long as the current lasts, is called an 
electromagnet. 

Electromagnet s have various shapes 
and are of many designs. But whatever 
the shapw or design, an electromagnet 
will have its magnetizing coil (or coils) 
])laced round a core, generally of soft 
iron. In most, the core has the shape of 
a U (Fig. 263). If, looking at one end of 
the coil or core, the current appears to 
flow in a clockwise direction, this end 
will have south polarity. If the direction 
is anti-olockwise, the end will have north polarity. The windings 
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of the wire on the two limbs of a U-shaped core must therefore, 
be in opposite directions as shown in fig. 263. 

Electromagnets arc used for a large variety of purposes. 
Apart from their uses in the laboratory they are widely used in 
industry. They form an essential part of all electrical generators 
and motors. Belays used for transmitting messages over long 
distances by telegraphy and telephony, consist essentially of 
electromagnets. An electromagnet often used in factories for 

lifting large masses of iron 
and removing them from 
one place to another is shown 
in fig. 254. It is known as 
a ‘pot’ magnet. One pole is 
in the centre and the other 
is in the form of a ring 
surrounding it. When non¬ 
magnetic material has to be 
lifted, it is fastened by the 
ring to the lower iron plate. 
The plate is then lifted by 
the magnet. Such magnets 
^may be several feet in diameter and can lift tons of iron. 

A “cracker ball” electromagnet has a large iron ball weighing 
several hundredweights. It is picked up by the electromagnet 
mounted on a crane and released from a height to break and 
pulverize articles underneath. Electromagnets are also used for 
sorting scrap iron from ether materials. In the surgical field it is 
used for extracting iron or steel splinters from the eye or other 
parts of the body. 

A piece of magnetic material placed between the poles of an 
electromagnet will bo magnetized more easily and strongly than 
by stroking it with permanent magnets. Magnetization is helped 
by lightly tapping the material when it is under the influence of 
the electromagnet. 

227. Stagnetization due to the Earth 

We shall see later (Chap. 29) that the earth itself is a huge 
magnet. It can produce magnetization ; but the effect is very 
feeble and can be demonstiated only if materials uf high magnetic 
susceptibility, such as soft iron, soft steel or special alloys like 
permaUoy (80 Fe, 20 Ni) or mu-metal (73 Ni, 22 Fe, 6 Cu), 
are used. If a piece of the material is held horizontally in the 
magnetic meri^an or vertically, and gently tapped it will 
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acquire a magnetism. A better effect is produced when the 
specimen is placed in the magnetic meridian at a particular angle 
to the horizontal (the ‘dip’ angle; see § 242). In Calcutta 
this angle is 31®, the north end pointing below the horizon. 

The north end acquires north polarity. When magnetized 
vertically, the lower end will have north polarity in the northern 
hemisphere of the earth. 

Iron beams pointing north and south, and vertical iron railings 
are generally found to be slightly magnetized. Ships made of 
steel plates acquire a magnetism due to the earth during hammer¬ 
ing and riveting. During World War II, Germans placed ‘mag¬ 
netic’ mines in shallow waters. The feeble magnetism of a ship 
was enough to explode the mine by setting off a magnetic trigger 
in the mine. The fight against magnetic mines was w^on by sur¬ 
rounding a ship with a cable. The cabb carried an electric current 
enough to neutralize the magnetic effect of the ship at a distance. 

228. Laminated Blagneis 

We have seen in § 224 that the influence of a magnet isgreatly 
reduced in passing through a magnetic substance. Hence when a 
f hick bar is magnetized, the deeper lying layers of material will 
be much less affected than 
layers near the surface. If the 
material is in the form of a 
thin sheet, the whole of the 
material can be evenly mag¬ 
netized. Strong permanent 
magnets can thus be made of 
a number of thin sheets of 
steel, each fully magnetized. 

The sheets are bolted together 

with their similar poles in the same direction (Fig. 255). Such 
magnets are called laminated magnets. 

229. Demagnetization 

Demagnetization means the complete or partial removal of 
magnetism from a magnetized specimen. 

A. Partial demagnetization can be brought about in a number of 
ways, such as by rough handling and by proximity of similar 
poles. Besides, a magnet exerts a demagnetizing effect on itself. 

(a) Rough handling. When a magnet is subjected to mechanical 
shocks by dropping, hammering, twisting etc., it loses a part of 
its magnetism. Soft iron suffers more than steel under the same 
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conditions. Materials ■with high coercivity, e.g. cobalt steel, 
alnico, ticonal etc. are less affected by rough handling. 

(6) Proximity of similar poks. When two similar poles are 
brought near each other, one reduces the strength of the other 
by induction. If one of the materials has a low coercivity (e.g., 
soft iron or soft steel) the change in it may be permanent. 

(c) Demagnetizing effect of a magnet on itself. A magnet with 
free poles exerts a demagnetizing effect on itself. The effect is 
due to induction and may be understood by considering a bar 
magnet. The north pole tends by induction to produce in the 
material of the magnet a south polarity towards itself and a north 
polarity away from it. This has the effect of weakening the south 
pole. The south pole also acts in a similar way and tends to 

reduce the strength of the north pole. 

To minimize this demagnetizing 
effect, bar magnets, when not in use, 
are kept parallel to one another with 
their opposite poles on the same side 
and connected by soft iron pieces, 
236 called keepers (Fig. 256). Each pole of 

the magnet induces an equal and opposite pole 
in the material of the keeper in contact with it. 

The effects of these two poles on any part of the 
magnet are equal and opposite. Horso-shoe 
magnets, when not in use, are also fitted with 
keepers for the same reason (Fig. 257). The 
demagnetizing effect is due to free poles, and the 
effect of keepers is to prevent free pcles from 
appearing. 

B. Complete demagnetization can be achieved 
either by heating or by electrical means. Pig* 257 

(a) Heating. When a magnetized material is heated beyond a 
certain temperature, which is characteristic of the material, it 
loses its magnetism completely. This characteristic temperature 
is called its Curie point. For iron and its alloys the Curie points 
lie in the range 750°(7 to 900®(7. For nickel it is about 360®(7. 

Heating below Curie point causes a slight fall in tlie magnetism. 
On cooling the original strength is regained. 

(&) Demagnetization by electrical means. The specimen to be 
demagnetized may be placed in a solenoid fed with an alternating 
current. It is then withdrawn -without switching off the current. 

Hair springs of watches are made of steel. If a watch happens to 
be brought clbse to a strong magnet, the hairspring is magnetized. 
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The watch then ceases to give correct time. The hairspring can be 
demagnetized by holding the watch near a coil supplied with 
and fed by a alternating current and gradually moving it away. 

230. It is not possible to isolate a Pole 

One might think that if a magnet were broken into two, each 
part will have one x>ole only. But it is not so. Take a piece of 
magnetized watch spring about 4 inches lo.ig and break it into 
two. You will find that eacn piece is a coraplote magnet and has 
opposite polarities at its ends. If the two new poles at the broken 
ends be dii>ped together into iron filings, they w'ould hardly attract 
any. This shows that the new poles are opposite in sign, but 
equal in strength. 

Further divisions produce no 
new result. Each piece, however 
small, turns out to be a complete 
magnet wdth tAvo jioles (Fig. 258). 

We may conceive these divisions 
and subdivisions of a magnet to be 258 

continued till we reach the molecular stage. Molecules of a 
magnetic substance should, in such a case, be looked upon as 
magnets. 

231. Molecular Theory of Magnetism 

Many phenomena in magnetism can be explained if Ave assume 
tliat molecules of a magnetic substance are themselves magnets. 
You Avdll perhaps immediately ask why every piece of iron does 
not behave as a magnet if it is made, up of innumerable tiny 

molecular magnets. The 
reason is that in an unmag¬ 
netized specimen the mole¬ 
cular magnets are arranged 
in a haphazard manner, and 
even in a small region there 
are as many north poles 
pointing in a given direction 
OS south. At all points 
outside the iron, the effect 
of the north poles will be 
neutralized by that of the 
south poles, and no resultant 
magnetism will appear. Fig. 
259(a) indicates such an 
arrangement, the little 



(Q) UNMAGNETISKD 



((}) PAnTl.Y MAGNETISED 



(C) KIOLY MAGNETISED 


Fig. 269 
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rectangles representing a molecular magnet with its shaded 
and unshaded portions standing for the two polarities. 

If a magnetizing force is applied to the material, the tiny 
magnets align themselves according to the direction of this force. 
Complete alignment does not come about unless the magnetizing 
force is strong enough. No further increase of magnetization is 
possible when all the magnets have been fully aligned. The 
specimen is then said to have reached magnetic saturation. 

Partial and complete magnetization are depicted in figures 
259(6) and 259(c) respectively. 

Magnetization thus gives rise to long chains of molecular 
magnets. At one end of a bar there are only north poles, and at 
the other, only south poles. At the middle the two kinds of poles 
are adjacent to each other. Wlicn a magnet is broken at the 
middle, there will be a row of north poles on one side, and a row 
of south poles on the other. 

In support of what we have said we may perform the following 
simple experiment. Take a test-tube about half full of iron filings, 
close it vt ith s stopper and lay it on side on a table. Test with 
a compass needle if it has a polarity at any end. Ordinarily 
it will have none. Now stroke the tube with « permanent 
magnet 08 in magnetizing. Testing again with the compass 
needle you will find that it has become magnetized ; the iron 
filings have partially oriented themselves under the action of the 
magnet. 

Shake the tube and test again. You will find that all signs 
of magnetization have disappeared. 

232. Magnetic Properties of Soft Iron and Steel 

It has been necessary for us to mention the magnetic properties 
of soft iron and steel from time to time. Though there ore many 
varieties of soft iron and steel, their magnetic i)rcperties may be 
broadly indicated as follows : 


Substance 

Susceptibility or 
Ease of magne¬ 
tization 

Retentivity or 
ability to retain 
magnetism 

Coercivity or 
difficulty in 
removing magne¬ 
tism 

Soft iron 

High 

Low 

Low 

Steel 

Low 

(More difficult to 
magnetize) 

High 

High 
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These properties make soft iron the material of choice for cons- 
truoting the core of an electromagnet. Steel is the proper material 
from which to construct permanent magnets. 

Special alloys^ such as permalloy, mu>metal, have very high 
susceptibilities, and very low retentivity and coercivity. At the 
■other end there are special steels and alloys, such as cobalt steel, 
alnico, ticonal, which have high retentivity and coercivity. 

Exercises 

1. What are the fundamental properties of a magnet ? Define 
the terms: magnetic magnetic axis and magnetic meridian. 

2. Why is repulsion considered a surer test of magnetization 
than attraction ? How would you test a specimen for magnetiza¬ 
tion ? 

3. You are given three identical looking bars one of which is a 
magnet, one is made of soft iron and the third, of brass. How 
would you identify them without any other aid 1 

4. What are the jjrincipal facts about magnetic induction ? 
How would you demonstrate them ? 

5(a). The north pole of a magnetic needle may be attracted by 
the north polo of a strong bar magnet. How is this possible ? 

(6). What is meant by the statement that induction precedes 
attraction. 

6(a). State briefly what you understand by susceptibility, 
retentivity and coercivity. Discuss these properties of soft iron 
and steel. 

{b). What kind of magnetic properties should a material have 
in order that it may be used for the constniction of (i) a permanent 
magnet, {ii) an electromagnet ? 

7. You are given a steel needle. What method w'ould you adopt 
to magnetize it as best as possible ? 

8. What is an electromagnet ? What determines its polarity ? 
Mention some of its uses. 

9. What are laminated magnets ? What is their advantage ? 

10. How can a magnet be demagnetized completely 1 What is 
the function of keepers as are attached to horse-shoe magnets 
when not in use ? 

11. Why is magnetism considered to be of molecular origin 1 

12. Write short notes on (i) magnetic screening, (i£) Curie point 
(iii) consequent pole. 
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MAGNETIC FIELD OF FORCE 

233. Magnetic Field 

We have seen that a magnet can exert forces at a distance. 
A magnetic field is a region over which magnetic forces may he 
felt. Every magnet produces around it a magnetic field, which is 
ordinarily not perceptible beyond a metre or two. The magnetic 
field of an electromagnet may be detected even at a distance of 
several metres. The earth’s magnetic field is perceptible miles 
above its surface. 

The question naturally arises as to how to describe a magnetic 
field. It is not diffierdt to imagine that if we could place a free, 
isolated magnetic pole in a magnetic field, it ^vould move under 
the action of the force it experiences. Though we cannot isolate 
a pole it is possible to find what the effect of a magnetic field on 
an isolated pole would be. Let us perform the following experi¬ 
ment. 

Take a large and deep trough made of a non-magnetic material. 
A wooden vessel coated with wax and held together by w'ooden 
pins or brass nails will do. Place a strong permanent magnet at 

its centre at a height of 
about eight inches from the 
bottom on a non-magnstic 
stand. Fill the trough with 
water up to the level of the 
magnet. Take a knitting 
neeale about six inches long 
and magnetize it. Float the 
needle vertically in water on 
a piece of cork with the north 
pole projecting a little out of the water. Bring the needle near 
the north pole of the permanent magnet and •’elease it (Fig. 260). 
You will find that the needle moves away in a curved path to¬ 
wards the south pole. Release it at some other point; it will follow 
a different path. Such paths in a magnetic field are known as 
lines of force. 



Fig. 260 


234. Lines of Force 

A line of force in a magnetic fieM is defined os the path that would 
he followed hy a north magnetic pole if it were free to move in the 
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field. The direction of the field at any point is taken as the direc¬ 
tion of motion of the north pole as it movep along the line of force 
through the point. Since the direction of motion at any point of a 
path is tangential to the path, we may also define a line of force by 
saying that: 

A line of force in a magnetic field is such a line that the iangeni 
to it at any poirU gives the direction of the magnetic field ai thaJt 
point. We shall see later (§244) that the two poles of a magnet 
are equally strong. Wliile the N-pole is mged along a line of 
force in one direction, the S-pole is urged with an equal force in 
the lopposite direction. The result is that a tiny magnet sets 
itself along the line of force without moving bodily in any one 
direction. This gives a method of plotting magnetic fields (See 
§ 235). 

The concept of lines of force plays a very important role in 
magnetism. To explain magnetic phenomena they may be con¬ 
ceived to have the following properties : 

(i) A line of force defines the path along which a free north 
pole would move if placed in the field. 

(ii) The tangent to a line of force at any point gives the direction 
of the magnetic field at that point, 

{Hi) Lines of force originate on a north pole and end on a south 
pole. (This is so because the path is taken to be the one followed 
by a north pole. It will start by repulsion from a north pole and 
end by attraction at a south pole.) 

(iv) Through every point in a magnetic field there is only one 
line of force. No two lines of force can intersect each other. 
(The force experienced by a pole in a magnetic field has a defi¬ 
nite direction at each point of the field. If two lines of force inter¬ 
sected, there would be two directions for the field at that point. 
This is contrary to experience.) 

{v) Each lino of force has a tendency to contract longitudinally. 
(This will explain the attraction between a north and a south 
pole.) 

{vi) A line of force tends to repel another laterally. (This will 
explain the repulsion between two like poles.) 

235. Tracing Lines of Force in a Magnetic Field 

There are two methods of tracing lines of force, one using iron 
filings, and the other using a small compass needle. In both, we 
utilize the property that a tiny magnet sets itself along the line of 
force. 
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Experiment 46. To trace the lines of force dve, to a bar magnet 
with iron filings. 

Apparatus : ParaflS.ned paper, iron filings, a sheet of glass, 
strong bar magnet. 

Place the glass sheet on the magnet and the paraffined paper 
on the glass. Lightly dust iron filings from a muslin bag moving 
the bag all over the paper at a height of about six inches. Tap 
the glass sheet gently. The filings will arrange themselves on the 
paper in continuous ouives. These curves (Fig. 261) describe the 



pattern of thfe lines of force. It can be fixed by slightly heating 
the paper. (The pattern can be formed more easily on glass; 
but it cannot be fixed.) 

Experiment 47. To trace the lines of force due to a bar magnet 
with the help of a compass needle. 

Apparatus : Drawing paper, drawing board, small compass 
needle, strong bar magnet. 

Fix the paper on the drawing board and place the bar magnet at 
its middle. Draw the boundary of the magnet and see that it does 
not move away from this position during the experiment. 

Place the compass needle near one comer of the north pole of 
the bar magnet. Make a dot on the paper with a pencil as close 
to each pole of the compass as possible. Move the compass 

until its south polo is 
closest to the dot that pre- 
^ viously marked its north 
T 0 0 T pole (Fig. 262). Now make 


another dot close to its 
V north pole. Move the com¬ 
pass again and keep repeat¬ 
ing this process until the 


Fis. 262 
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compass has reached the south pole of the magnet. Connect all 
the dots with a smooth line. This represents a line of force. 

The whole field may be mapped out in this way by changing 
the initial position of the needle. 

Some patterns are shown below (Figs. 263 to 266). They are 
self-explanatory. 
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Fig. 265 


Fig. 266 


236. Coulomb^s Law 

Some magnets attract more iron filings than others dc. This 
shows that magnetic pole.s differ in their ability to exert a force. 
The quantity ‘polo strength’ or ‘strength of a polo’ is a measure 
of this ability. 

From a series of carefully designed experiments Coulomb found 
that the force betiveen two magnetic poles varies .directly as the 
product of their strengths and inversely as th square of the distance 
between them. Th is i s known a s Couhmhi’s law. 

It was also found that though a pole acted on another at a 
distance, the force between them was affected by the nature of 
the inteivening medium. If m, m' denote the strengths of the 
poles and r the distance between them, the force between them 
is given by 

F== 

where p. is a constant depending on the nature of the medium 
between the poles, and is called the permeaMUty of the medium. 
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For vacuum (x is taken as unity. In the case of magnetic subs¬ 
tances the value of jx is high, while for all non-magnetic substances 
it can be taken practically to be equal to unity. 

The Unit Magnetic Pole. Coulomb’s law leads to the definition 
of the unit of magnetic pole strength. If two identical poles, 
placed 1cm apart in vacuum, repel each other with a force of one 
dyne, each is said to have unit strength and is called a unit pole 
' (or a pole of unit strength). There is no special name for the unit 
•of polo strength. 

237. Intensity of a Magnetic Field 

The intensity cf a magnetic field at a point is defined as the 
force in dynes that acts upon a unit north pole when placed at the 
point in question. The terms ‘magnetic field strength’ and ‘mag¬ 
netic intensity’ are synonymous with ‘intensity of a magnetic 
field’. 

The unit of intensity of a magnetic field is one dyne per unit pole. 
It is called the Oersted. (Oersted was a Danish physicist who, in 
1820, discovered that an electric current produces a magnetic 
field around it.) Until recently it was called the ‘gauss’, a term 
which still persists in some books. (Gauss was a German mathema¬ 
tician and physicist.) 

It follows from the definition of field strength that a magnetic 
pole of strength m units when placed in a magnetic field of in¬ 
tensity H oersteds will experience p. force of / dynes given by 

/=mJ/ 

238. Moment of a Magnet 

The most important physical quantity associated with a magnet 
is its magnetic moment. It is numerically given by the product of 
the strength of either pole and the distance between them. If 
m is the pole strength and I the distance between them, the 
magnetic moment M is given by 

M—ml. 

It is possible to determine the moment of a magnet without 
knowing the pole strength and the distance between the poles 
separately. 

Let a magnet of moment M be placed in a field of strength H. 
If the magnet is free to turn it will align itself in the direction of 
the field. If held forcibly at right angles to the field, the magnet 
will be acted on by a couple which will tend to align it with the 
field. The magnitude of the moment of this couple may be shown 
to be MH. Hence we may also say that the momeni of a magn»et 
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is equal to the mechanical couple required to keep the magnet at 
right angles to afield of unit intensity. 

* One of the meanings of the word ‘moment* is importance, as you will see 
from expressions like ‘a matter of much moment, of no moment etc.’ The term 
‘moment of a force’ represents the effectiveness of a force in producing rotation. 
It has, therefore, been appropriate to give the name ‘magnetic moment’ to 
that property of a magnet which is of the greatest importance in describing its 
behaviour. 


Exercises 

1. What are magnetic lines of force ? What are their funda¬ 
mental properties ? How does a short magnet set itself relative 
to a line of force ? 

2. State Coulomb’s law' of force between magnetic poles. 

What is meapt by permeability of a medium ? Does a magnetic 

substance have a higher permeability than a non-magnetic one ? 

3. Define unit pole and intensity of magnetic field. What is 
the unit in which the latter is expressed ? 

4. Give two definitions of maanetic moment. 
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TERRESTRIAL MAGNETISM 

2t39. The Earth behaves as a huge Magnet 

The fact that a suspended magnet orients itself in a particular 
direction at every point on or near the earth, shows thac the earth 
is surrounded by a magnetic field. Besides, pieces of iron arc found 
to be magnetized, though slightly, when they lie in a north-south 
or vertical direction. This magnetization is increased by light 
mechanical shocks. A bar made of an alloy called mu-metal, 
when placed north-and-south, will show north polarity at ita 
nortn end. If reversed in position, the new north end will show 
north polarity. Such behaviour is of the kind one meets in 
magnetization under, the influence of a magnet, and could be 
explained by assuming that the earth itself is a huge magnet. 

240. Simulation of the Earth’s Field 

The nature of the earth’s field is such as might be produced bj a 

huge bar magnet placed 
at the centre of the 
earth with its axis in¬ 
clined at an angle of 
about 18® to the axis of 
the earth (Fig. 267). In 
the class room it may be 
simulated by a strong 
bar magnet, preferably 
an electromagnet, moun¬ 
ted inside a globe of 
non-magnetic material 
(Fig. 268). A glass tube 
may be fitted through 
the centre of the globe 
at an angle of about 18® to the axis, and the magnet slipped 
into it. The length of the magnet may be about half the 
diameter of the globe. A soft iron rod wound round with several 
layers of insulated copper wire may serve as the magnet. To 
excite it current may be passed through the coil from a dry 
cell. A small magnetic compass, as is often attached to a watch 
chain, may be placed at various points of the globe to find the 



Fig. 267 
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direction of the magnetic field. The small magnets na in the 
figure are intended to show such directions. 



241. Magnetic Poles of the Earth 

A freely suspended magnetic needle will sot itself vertical!^ at 
two places on the surface of the earth. These places are known as 
the magnetic poles of the cartli. One of thcji is near the geogra¬ 
phic north pole and is called the magnetic north pole. The other 
is the magnetic south pole. Their present locations are approxi¬ 
mately as follows : 

N'pole : 74®N latitude; 100'’W longitude (It is in Northern 
Canada). 

S-pole : 70®S latitude; 160°E longitude. (The place is in 
Antarctica). 

The world-wide scientific investigations carried out during the 
International Geophysical Year—July 1957 to December 1958— 
are expected to throw much light on the earth’s magnetism, 
the origin of which is not yet known. 

19 
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Magnetic Elements of the Earth’s Field 

To specify completely the earth’s magnetic field at a place 
it ia nece garjf to state (i) the stren^gth of the field and (w) its 
diredicn. The direction is that of the axis of a magnetic needle 

suppoitcd at its centre of gravity. 
—^ plane passing through this axis and the 

centre of the earth is called the magnetic 
meridian. 

The angle between the magnetic meridian 
and the true geographical north is called 
the declination (Fig. 269). It is also known 
Fig. 269 a,g deviation or variation. 

The angle between the direction of the 
earth’s magnetic field and the horizontal, 
measured in the plane of the magnetic meri¬ 
dian, is called the dip or inclination. 

Fig. 270 represents a magnetic needle 
freely supported at its centre of gravity. It 
rests in the magnetic meridian with its axis 
in the direction of the earth’s field. The a igle 
between the axis of the magnet and the hori¬ 
zontal in the plane of the magnetic meridian 
is the dip ("S). Dip is taken as positive when 
the north pole of the needle points downwards. It is so in the 
north hemisphere of the earth. 




Fig. 271 


In fig. 271 the shaded piano re¬ 
presents a vertical plane passing 
through the geographical north and 
south (the true meridian). The un¬ 
shaded plane is the magnetic meridian. 
The angle 8 between them is the 
declination. The needle ns, freely 
supported at its centre of gravity, 
points along the earth’s field*. 6 is the 
dip. 

The total intensity or strength of 
the earth’s magnetic field may be 


resolved horizontally and vertically in the plane of the magnetic 
meridian. The component of the intensity of the earth’s magnetic 
field resolved along the horizontal in the plane of the magnetic 
meridian is called the horizontal component of the earth’s magnetic 


* Note that on uomagnetized body, similarly supported, will have nq tendency 
to turn aqd will remain at rest in any position^ 
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field. Denoting this component by H, the vertical component 
by F, and the total intensity by I, we have 

H—IcofiB 
F—Tsin Q 


It is clear that the earth’s field at a place will be fully specified 
if we have stated tlie values of (i) the dip (9 ), {ii) the declination 
(S) and {in) the horizontal component (//) at the place. These 
three quantities are called the magnetic elements of the earth. 


Table. Values of H, 0 and S at some places. 


Place 

1 ' 

H F i 0 

r 1 

1 

8 

1 

Pluce 

II V 
{in oer¬ 
steds) 

0 

8 

Calcutta 

•37 

1 j 

•22 |:u° 

40'E 

New York 

•18 

•57 

72° 

10°W 

Bombay 

■37 

•17 |25° 

j 

32'E 

Chicago 

•18 

•59 

73° 

2^°W 

London 

•18 

•4.3 [67° 

i 

1 

10 °W 

i 

Magnetic 

poles 

0 

— 

90° 

— 


243. Measurement of Dip 

The dip at a place can be measured wdth an instrument 
called dip circle. It has a mag¬ 
netic needle (i\r, Fig. 272) capable 
of rotation about a horizontal 
axis passing through its centre of 
gravity. The needle is mounted 
in the centre of a vertical circle 
(A) divided into four quadrants 
each of which is graduated in 
degrees from 0 to 90. The 0°—0“ 
line is horizontal and the 90°— 

90° line is vertical. 

The needle and the circle are 
mounted on a stand {FiF^) which 
can rotate about a vertical axis Trig. 272 

through the centre of the circle. The angle of rotation can be 
read off from a horizontal circular scale (<7) with the help of the 




292 


MAGNETISM 


vernier V. The apparatus stands on three levelling screws and is 
made of non-raagnetic material. A spirit level is generally 
attached to the turn-table F^. 

Experiment 48. To measure the angle of dip at a place. 

Apparatus : Dip Circle. 

Method : Remove all magnets and magnetic materials from the 
vicinity of the table where the work will be done. Level the ins¬ 
trument. 

Turn the vertical circle about its axis until the needle points 
along the 90®“90° line. The needle is now vortical and the plane 
of the circle is perpendicular to the magnetic meridian*. 

Now, turn the vertical circle through 90°. (This will bring its 
plane to the magnetic meridian. The needle can now rotete in the 
magnetic meridian and comes to rest in the direction of the earth’s 
field.) 

Read the positions of the ends of the needle on the vertical 
scale. Turn the vertical circle with tne needle through 180° and 
take the same j'eadings. 

The mean value of these four readings gives the dip. 

244. Both Poles of a Magnet have the same Strength 

Float a magnet on a piece of cork in water (Fig. 273). The 

magnet turns and comes to rest 
in a fixed direction—^roughly 
north and south. It does not 
move bodily towards the north 
or the south. If disturbed from 
the position of rest, it comes 
back to rest pointing in the same 
direction. 

This shows that the forces exerted on the poles of the magnet 
by the earth’s field are equal and opposite. These two forces 
constitute a couple tending to rotate the magnet. If the force on 
ohe pole were greater than that on the other, the magnet would 
have bodily moved in the direction of the stronger force. But this 
does not occur. 

Since the forces on the poles are equal, the poles must have the 
same strength. 

* The axis of rotation of the needle is in the majpietic meridian. The hori¬ 
zontal component of the earth’s held is unable to produce a rotation of the 
needle. The needle can move only under the action of the vertical component 
and; hence points vertically downwards. 
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246. Action of a Compass Needle 


We are perhaps now in a better position to understand the 
action of a compass needle. The needle has a small cap fitted 


to it at its centre. It is pivoted at 
the cap on a nonmagnetic stand as 
shown in fig. 274, The needle turns 
in a horizontal plane under the 
action of the horizontal component 
of the earth’s field. The vertical com¬ 
ponent tends to tilt the magnet in 
the vertical plane through it, but the 
effect is imperceptible. 



Fig. 274 


246. Mariner's Compass 

The directive porperty of a magnet led to its use for guidance 
in travel and navigation. The Chinese are reported to have used 
suspended lodestones for this purpose as far back as ton centuries 
B.C. 

The modern magnetic compass is used by sailors and airmen for 
finding the true bearings of ships and aeroplanes. There are many 

models. The following is a simpli¬ 
fied description of the essential 
parts. 

A number of stronglj magnetiz¬ 
ed, small, parallel steel needles, 
connected rigidly together, consti- 
Fig. 275 tutes the system which, by its 

orientation, shows the 
magnetic north. This 
magnet system is at¬ 
tached to an alumi¬ 
nium ring by means of 
silic threads (Fig. 275). 

The ring is fixed to a 
disc with the 32 points 
of the compass marked 
on it (Fig. 276). The 
north and south points 
cf the card lie exactly 
in the direction of the 
north and south poles 
of the magnet system. 

In the centre of the Fig. 276 





m 




disc there is an inverted sapphire cup (Fig. 277), which rests on 
a sharp iridium point P supported from the base of the compass 

bowl. The disc C, carrying the mag¬ 
nets (w, n shown in section) can turn 
on the pivot with a minimum of 
friction as both sapphire and iridium 
are very hard. 

Fig. 277 A line laid on the glass cover of 

the compass bowl marks the fore- 
and-aft direction of the ship. As the ship turns the points on the 
disc below this line give the direction of motion of the ship 
relative to the magnetic north. If the declination at the place 
is known the direction of motion of the ship relative to the 
geographic north can then be easily found out. 

The iron and steel in a ship produce a magnetic field, the effect 
of which is to make the compass needle deviate from the true 
magnetic north. This deviation is found by experiment before 
the ship starts on her journey and the effect is corrected by 
magnets placed near the compass. 

247. Position o! Poles of a Bar Magnet 

Experiment 49. To find Ihe position of the poles of a bar magnet. 

Apparatus : Drawing board, pin and paper, twm tall pins, 
thread, bar magnet, small magnetic needle (encased in glass), 
long compass needle. 

Method. First, you have to determine the plane of the magnetic 
meridian. 

For this purpose remove all magnets and magnetic materials 
from the neighbourhood of your 
working table. Take a long, thin 
compass needle and place it on the 
table. By means of two tall pins, 
placed fairly apart on the table, 
stretch a fine thread over the needle 
parallel to its axis (Fig. 278). The 278 

vertical plane through the thread is the magnetic meridian. 

Now, fix the drawing paper on the drawing board with pins 
and trace the outline of the bar magnet on the paper. Place the 
small compass needle close to one end of the magnet and turn 
the, drawing board till the needle is parallel to the stretched 
thread. The needle will then be in the magnetic meridian. 

(At this position of the needle the fields due to tlie earth and 
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the two poles of the bar magnet are in the same direction. The 
effect of the far pole may be neglected due to its much greater 
distance compared with that of the nearer pole. Since thG|^ultant 
field is in the direction of the earth’s field, this is also th^Kotion 
of the field due to the nearer pole). 

Mark the two ends of the small 
needle by two dots on the paper. 

Remove the needle to two other 
places near the same end of the 
magnet and repeat (Fig. 279). Join 
the pairs of points marking the 
ends of the needle at any position. 

When these lines are i)roduce'^l, 

they intersect at a point within the Fig. 279 

magnet. This is the position of the pole at the end considered. 

Repeat the operations for the other end of the magnet. 


[I 



248. Tracing the Lines of Force of a Magnet 

In tracing lines of force r f a magnet one has to remember that 
the magnet is surrounded by the earth’s magnetic field. The 
field observed around a magnet is, therefore, the combined effect 
of the fields due to the magnet and the earth. 
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I’ig. 280 North pole pointing north. Fig. 281 North pole pointing south. 

This resultant field may bo easily mapped by the method 
described in §235. The pattern of the linej of force would 
depend on how the magnet is placed relative to the earth. 
Some patterns are given. The position of the magnet relative to 
the earth is stated under each. 
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249. Neutral Points 

In each of the above diagrams you will find two points marked 

with a cross. There are no 
lines of force passing 
through the regions around 
those points. They are 
known as neutral points. 
The point at which the field 
due to one magnet is 
exactly equal and opposite 
to that du!-! to another 
(here, the earth), is called a 
neutral point. There is no 
resultant field at a neutral 
point. A small compass 
needle 2 )laced at a neutral 
point will not orient itself 
in any favoured direction. 
It shows no directive pro- 
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Fig. 282 North pole pointing west. 


perty at a neutral point. 

It may be interestiiig to compare the 
behaviour of an iron ring which has been 
magnetized by stroking round and round 
with one pole of a strong magnet. The ring 
is magnetized, but no free poles appear. 
When suspended it shows no directive 
effect. If cut, free poles appear (Fig. 283). 


I 

I 



Exercises Fig. 283 

1. Why do we find it necessary to consider the earth as a huge 
magnet ? What is the nature of the magnetic field duo to the 
earth ? Is the material of the earth’s crust magnetized ? 

2. What do you understand by the magnetic elements of the 
earth's field ? Define those quantities. 

How would a freely suspended magnetic needle orient itself at 
the magnetic north pole ? 

3. How would you prove that both poles of a magnet have the 
same strength ? 

4. Draw a neat sketch of a mariner’s compass and add a short 
description. 

How is it used to find direction ? 

5. What is a neutral point ? How does a magnetic compass 
needle behave when placed at such a point ? 











CHAPTER 30 


ELEMENTARY FACTS ABOUT STATIC 
ELECTRICITY 

250. Introductory 

Within the past century man has discovered hundreds of ways 
of putting electricity to his use. In our homes we sec lamps, 
fans, heaters, the radio, the telephone, all operated by electricity. 
In industry electricity plays an even more imporlant role. It 
operates all kinds of machines in factories, and does thousand 
other jobs for us. 

Where does electricity come from? You must have seen the 
high transmission lines which carry electricity to our homes, 
offices and factories. If you follow those lines back to the source 
you will come to large buildings, called poioer stations, which house 
machines, named generators. These machines are operated by 
thermal or water power, and convert a part of the energy they 
receive into electricity. 

In the following pages we shall examine some of the properties 
of electricity. 

251. Electricity from Friction 

Experiment 50. (i) Rub a clean, 
warm glass rod with silk and hold it 
near small pieces of paper, straw', 
hair etc. They will be attracted 
by the rod (Fig. 284). The rod is 
said to be electrified or have acquir¬ 
ed an electric charge. Fig. 284 

(it) Repeat the experiment, using an * bonite' or sealing-w'ax 
rod rubbed with flannel or catskin, or your fountain pen rubbed 
with wool. 

{Hi) Balance a metre scale on an inverted w'atch glass and 
bring a charged ebonite rod near one end of it. 

Charges of electricity are prodticed by friction in this way. 
They remain on the bodies rubbed and attract nearby light 
bodies. The ancient Greeks (about 600 b.c.) knew that amber 
rubbed with cloth could attract dust particles, small pieces of 
paper, feather, straw etc. 

While combing hair with a hard-rubber comb on a dry wdnter 
dayi you might have noticed that the comb attracted hair. If 
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your hair is dry enough you may hear the crackle of electric sparks 
as you run the comb. In a dark room you may even see these 
sparks. 

Careful experiments show that when two substances are 
rubbed together, or even brought into close contact, each 
acquires an electric charge. It is not, however, always easy to 
demonstrate the effect, as with most substances the effect is 
rather small. 

Under favourable conditions charges due to friction may 
accumulate on bodies and prove potentially dangerous, so mucii 
so that precaution has to be taken against sucli accumulation. 
On trucks which carry petrol, friction caused by motion builds 
up electric charges. If these charges were allowed to accumulate, 
they would cause a spark which might ignite the petrol vapour 
and start a fire. To prevent the accumulation of charge a small 
chain is kept hanging from the frame of the truck and drags on 
the ground. The charge passes into the earth through this chain. 

Frictional electric charges build up on the moving belts that 
carry power to machinery in factories The machines to which the 
belts are connected must be well earthed to prevent accumulation 
of charge on them. 

Clouds carry large static charges, which give rise to lightning 
(See § 262). 


252. Two Kinds of Electricity 

Experiment 51. (^) Eub a hard-rubber or ebonite rod with 
flannel to charge it. Suspend it from a fixed support by a silk 
thread (Fig. 285). Bring near one end of it another charged hard- 
rubber or ebonite rod. They repel each other. 



Fig. 285 

(ii) Repeat the experiment using two charged glass rwls. They 
also repel each other. 

(in) Suspend the charged hard-rubber rod as before. Then 
bring near it a charged glass rod. They attract each other. - „ , 
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From these'^experiments we conclude that 

(a) There are two kinds of electricity. 

(b) Like charges repel, while unlike charges attract, one another. 

The kind of electricity as on glass has been called positive, 

and the other (as on ebonite), negative. The justification of the 
names lies in the fact that when equal amounts of the two kinds 
are put together, no electrical property is exhibited; one neutra¬ 
lizes the effect of the other. 

253. Electrons and Protons 

To understand why there is attraction in one case and repulsion 
in another it will be useful for us to remember how matter is 
constituted. Matter is made up of atoms. Each atom has a 
nucleus around which move electrons at various distances and in 
various paths, much like the planets around the sun. The 
nucleus has two kinds of particles, the proton and the neutron. 

Electrons are the tiniest particles knowi to us. Each electron 
has the same amount of negative charge and a mass of 9 X10'®® 
gra. A smaller charge than that on the electron is not known to 
exist. This charge, called the electronic charge, is the unit of 
negative charge. 

Protons have the same amount of electric charge as electrons, 
but the charge is positive in nature. This is the smallest known 
charge of positive electricity. A proton is over 1800 times heavier 
than an electron. 

Neutrons have no electric charge. A neutron is very slightly 
heavier than a proton. 

Explanation o£ electrification by friction. Each atom normally 
has the same number of electrons and protons. It is, therefore, 
electrically neutral. This picture of the atom leads to a simple 
explanation of electrification by friction. When the glass rod w'as 
rubbed with silk electrons were pulled off the atoms on the 
surface of the glass. This left the glass with an excest of positive 
charge as it then had more protons than electrons. 

When the ebonite rod was rubbed with flannel electrons were 
removed from the flannel by the rod. This left the flannel w'ith 
an excess of protons, i.e., with a positive charge, and the rod with 
an excess of electrons, i.e., with a negative charge. It is clear that 
the charges on the ebonite rod and flannel must be equal and 
opposite. This also holds for glass and silk, iii fact, in all cases 
where electricity is produced by friction. This is also confirmed 
by experiment. 
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264. Conductors and Insulators 

A conductor is a substance that allows electricity to move 
along it. Metals are good conductors. Good conductors of heat 
are generally good conductors of electricity also. The fact that a 
metal is a good conductor of electricity explains why it is 
difficult to demonstrate production of electric charge on it by 
friction. The charges produced flow along the metal into the 
person holding it, and thence into the earth. 

An insulator (or a non-conductor) is a siibstance whicsh doe.s not 
allow electricity to move along it. Rubber, glass, porcelain, sul¬ 
phur, mica, ebonite, dry air etc. arc examples of good insulators. 
To prevent the leakage of electricity from telegraph, telephone, 
transmission or supply lines, the wires are supported on glass or 
porcelain knobs. 

There is no sharp line separating conductors from insulators. 
Most substances conduct a little; there is no perfect conductor 
nor perfect insulator. Bry air is the best insulator and silver 
the best conductor, copper being a close second. Moist air 
carries away the charge from a body quickly. This explains why 
it is difficult to carry out experiments on static electricity in our 
country except during the winter. 

255. Electroscopes 

An electroscope is an instrument for detecting the presence of 

an electrical charge on a 
body and for determining 
its nature, positive or 
negative. 

Pith-ball electroscope. 

One of the earliest forma of 
electroscope consists of a 
Pig- 286 small ball of dried pith sus¬ 

pended by a silk thread from a support (Fig. 286). Its action is 
improved by coating the ball with a thin foil of metal, say, alu¬ 
minium. 

Bring a charged rod near a pith-ball electroscope. The ball 
will be attracted towards the rod. If the ball touches the rod, 
it will be repelled, since, by contact, it acquires the same kind of 
charge as on the rod. 

The ball may be charged with a known kind of electricity in 
this way. The nature of the charge on another body can then 
be tested by bringing it near the ball gradvally from a distance. 
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If there is attraction, tlie charges are of opposite kind. If there 
is repulsion, the charges are similar. 

Gold-leaf Electroscope. 

Much more sensitive than 
the pith ball is the gold- 
leaf electroscope. It con¬ 
sists of two narrow strips 
of very thin gold leaf (now, 
more commonly, aluminium 
leaf) L, L (Figs. 287 anfl 
288) attached to a metal¬ 
lic rod R which projects 
through the insulating 
stopper 8 of the containing vessel V. V prevents disturbance 
of the leaves by air currents. It is made of metal (Fig. 287) or glass 
coated with metal foil (Jf, Fig. 288), and has glass front and back. 
The rod R usually terminates in a metal knob or in a flat plate (C). 
A small quauity of a drying agent, such as phosphorus pentoxide, 
may be kept within the vessel to maintain a dry atmosphe e in 
it. The metal part of F may be connected to the earth as in fig. 287. 
In place of gold leaves, an aluminium leaf hung beside a brass 
stap is often employed. The stopper 8 is made of sulphui, 
pai-affin or some other good insulating material. 

Charging an electroscope by conduction 

To charge an electroscope by conduction, a body cliarged with 
a known kind of electricity is placed in contact with the plate 
C of the electroscope and then removed. The charge transferred 
to C spreads over C. R and L. Duo to the repulsion of like charges 
on L, the leaves diverge. 

To test the nature of the charge on a body 

When a charged body is gradually brougl-t nearer to a charged 
electroscope, tlie divergence of the leaves will increase if the charges 
are of the same kind; but diminish if they are of opposite kinds. 
When the charged body is removed without having at any time 
touched the electroscope, the divergence of its leaves is restored 
to the initial value. 

A charged electroscope slowly loses its charge by leakage, and 
the leaves finally collapse. 

266. Electrostatic Induction 

The two kinds of electricity in a body undergo a relative 
displacement under the influence of an electric charge. The 
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phenomenon is known as ele.ctrostaiic induction. It is very pro¬ 
nounced in metals and may be demonstrated as follows. 

A and B are two insulated 
metal balls mounted on sepa¬ 
rate stands, but are initially 
in contact (Fig. 289a). A 
charged rod, say, of ebonite 
rubbed with fur, is brought 
near B. With the rod held in 
position, A is separated from B (Fig. 289b). The rod is then 
removed. 

On testing A and B separately, each will be found to have 
acquired an electric charge but the charges on them are of 
opposite kinds. A, the remote conductor acquires the same kind 
of charge as on the rod. B, the one near the rod, acquires a 
charge of the opposite kind. 

The charge on the rod is called the inducing charge, and the rod 
itself, the inducing body. Charges on A and B are colled induced 
charges. 

The explanation is simple. The ebonite rod has a charge of 
negative electricity. It repels the electrons on the conductor 
placed near it. Since electrons are free to move in a conductor, 
they move to the remotest end on the latter and produce an 
excess of negative charge at that place. The part of the conductor 
near the rod has a deficit of electrons and shows a positive 
charge. 

In general, the induced charge having the same sign as the 
inducing charge moves farthest away from the latter. Because of 
this tendency to move as far away as possible it is called free 
charge. If the body were connected with the earth the free charge 
would escape into the earth. 

The other induced charge of the kind opposite to the inducing 
charge, is held nearest to the latter by attraction and is known 
as hound charge. 

267 . Charging a Gold-leaf Mectroscope by Induction 

To charge a gold-leaf electroscope by induction we may proceed 
as follows: 

(i) Take an ebonite rod rubbed with fur if the electroscope 
is to be charged with positive electricity. To charge with nega¬ 
tive, electricity take a glass rod rubbed with silk. (Note that 
the inducing body must have a charge opposite in kind to that 
with which you want tp charge the electroscope.) 




Fig. 289 (a) & (b) 
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iii) Bring the inducing rod close to the cap of the electroscope 
(but the two must not touch). 

(Hi) Momentarily connect the cap with the earth while the 
inducing rod is held in position. 

(iv) Remove the connexion between the earth and the cap (the 
inducing rod continuing in position). 

(v) Remove the inducing rod. 

Steps (n) to (v) are 
illustrated in Fig. 290 (a) 
to (d) with a positively 
charged inducing rod, 
chfirgingtho electroscope 
with negative electricity. 

The metal part of the 
casing may profitably be 
kept eartJied throughout 
as shown in the figures. 

Fig. 290(a) shows that 
while the cap of the electro¬ 
scope acquires negative 
electricity by induction 
the leaves acquire a 
positive electricity. (The 
charge on tlie leaves in¬ 
duces an opposite charge 
on the inner side of the 
metal casing). 

Fig. 290(&) shows the 

effect of connecting the _ 

cap to the earth, here (^ ) 

through the metal casing. Fig. 290 fa) to (d) 

(Touching the cap with a finger also connects it to the earth 
through the body of the demonstrator unless the latter is in¬ 
sulated.) The free charge escapes to the earth, and the 
leaves collapse. 

Fig. 290(c) shows that though the earth connexion has been 
removed, the leaves continue in a collapsed state, there being 
ho charge on them. 

Fig. 290(d) sho ws the final state when the inducing rod has been 
removed. The bound charge, so long held on the cap by the 
attraction of the charge on the inducing rod, now spreads over the 
cap, the connecting rod and the leaves. As a result (i.e., due to 
the repulsion, of the charge on the leaves) the leaves diverge. 





304 


ELEOTRIOITY 


The charge on the leaves induces a charge on the easily. The 
bound charge will be on the inner side of the casing. Its attraction 
for the opposite charge on the leaves will tend to maintain the 
divergence of the leaves. Remember that the cap, connecting 
rod and leaves (0, R, L ; Figs. 287 and 288) are insulated from 
the metal casing i.o., the metal part of the containing vessel. 

258. More Facts about Induction 

Equality of charges. When electrification is produced by induc¬ 
tion or friction, equal amounts of opposite charges appear. This 
is easy to understand as electrification arises out of a transfer of 
electrons from one place to another. The region from which 
electrons move away is left with an excess of positive charge of 
the same amount. 

Earlier you have read about the principle of conservation of 
energy; energy cannot be created or destroyed. In chemistry, 
you must have read of the principle of conservation of matter; 
matter cannot bo created or destroyed. Here you may add a third 
principle—^the principle of conservation of electricity. It states 
that electricity cannot be created or destroyed. In all electrical 
phenomena, appearance of electricity of one kind at any place is 
always accompanied by the appearance of an equal amount 
of the opposite kind of electricity at some other place. The 
production of a charge necessitates the production of an equal 
opposite charge. The charges are separated—^not created. 

Relation between inducing and induced charge. When in¬ 
duction takes place the charge induced on a body is generally 
smaller in amount than the inducing charge. When, however, a 
conductor fully surrounds the inducing charge, the charge induced 
on the conductor will be equal in amount to the inducing charge. 
This was established by Michael Faraday, one of the pioneers in 
electricity. 

Induction precedes attraction. An uncharged body is attracted 
by a charged body. You have already seen how a charged glass 
rod attracts uncharged pieces of paper etc. 

When the charged body approaches the uncharged one, induc¬ 
tion takes place, an opposite charge being induced on the side of 
the uncharged body nearest to the charged one. An attraction 
ensues between these unlike charges. 

The like charge induced on the body is farthest from the 
inducing charge. Hence the repulsion between these like charge 
is less than the attraction. The net result is therefore an attrac¬ 
tion between the two bodies. The reauUant attraction ie an effe^ 
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of i7iduclio7h. This is what wo mean by saying induction precedes 
attraction. The similarity with magnetism may be noticed. 

Repulsion is a surer test of electrification. When attraction 
takes place between two bodies one of which is known to be 
electrified, the other may have an unlike charge on it or no charge 
at all. But if there is repulsion between one charged body and 
another, the latter must have a like charge. Repulsion is, there¬ 
fore, a surer test of electrification. Here also the behaviour is 
the same as in magnetism. 

259. Proof Plane 

A proof plane is a small metal disc with an insulated handle. 
When tlic disc is made to touch a charged body it is itself charged 
by conduction with the same kin<i of electricity as on the body. 
Tf the disc of the proof plane be held near a charged electroscope 
by the insidatcd handle, the leaves of the electroscope will 
diverge more if it has the same kind of charge as on the proof 
plane. If the charges on the two are of opposite kinds, the 
divergence will diminish. 

260. Distribution of Charge on a Conductor 

When an electric charge is given to an insulator, the charge 
resides where it is placed. As, however, no insulator is perfect the 
charge slowly spreads to neighbouring are^s and penetrates to 
some extent into the interior. 

A charge placed on a conductor behaves differently as charges 
can move very easily along conductors. Due to mutual repulsion 
particles of electricity on a conductor try to move away from 
each other as much as possible. This would lead us to expect 
that on a conductor the charge will normally reside on the outer 
surface. 

Electricity resides on the outer surface of a conductor. The 

following experiment, duo to Faraday, may be performed in 
support of the statement. 

Take a conical linen bag 
which is fastened at its wider 
end to an insulated metal 
ring. It has a silk thread at¬ 
tached tOj its apex to draw 
it inside out (Fig. 291). 

Linen is a fairly good 
conductor. Charge the bag with electricity. With the help of 
a proof plane and electroscope it is easy to show that there is a 
20 



i'ig. 291 
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charge only on the outside of the bag, and none on the inside. 
If now the bag is turned inside out, it will be found that the 
charge has moved to the new outer surface which was erstwhile 
the inner surface. 


Faraday’s chamber experiment. To sliow that charges reside 
wholly on the surface of conducting bodies, Faraday performed 
a classic experiment. He built a cubical box (of sides 12 ft, each), 
covered it with tinfoil and shut himself up in the box taking with 
him various instruments for detecting electricity. The box was 
then charged highly with electricity. Faraday did not find any 
trace of electricity in the interior although large sparks were 
darting forth from every part of the outer surface of the cage. 



The effect can be demonstrated 
in the laboratory by placing an 
electroscope inside a cage of 
wire gauge kept on an insulating 
support (Fig. 292). On bringing a 
charged rod close to the cage, el¬ 
even charging the cage electrically 
from an electric machine, it w’ill 
be found that the electroscope 
is unaffected. 


Fig. 292 Electrical screening. These ex¬ 

periments show that a region can be screened or shielded from 
external electrostatic influences by a continuous metallic cover 
or even a metallic net-work. The effect so produced is known 
as eUctrical screening or electrical shielding. 


261. Effect of Sharp Points on the Distribution of 
Electricity on Conductors 

When a charged conductor has a sharp point on its sui-faco, 
it is found that there is a high concentraticn of electricity at the 
point. This concentration produces interesting and important 
effects. Molecules of air in the vicinity of the point are acted on 
inductively by the charge on the point and attracted towards 
it. On contact the induced opposite charge is neutralized. This 
produces two effect*, viz: 

{i) The charge on the point is reduced. The conductor gra¬ 
dually loses charge in this manner. This action is known as the 
discharging action of points, 

(ii) The attracted air molecules, on contact with the point, 
Require the same kind of charge as the point has, and aro 
then repelled. The repelled molecule^ jmay be sufficient in 
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number and speed to produce a wind, called an electric wind, 
strong enough to deflect the flame of a candle (Fig. 293). 

When concentration of charge at such 
points is very high, electrons may be torn 
off by the charge from air molecules. When 
this takes place a glow may be observed near 
the point. This i.s known as brush discharge. 



^ Fig. 293 

26S. What is Lightning 


Falling water-drops, formed by the condensation of moisture 
in a cloud, break up under certain comiitions into unequal frag¬ 
ments. In the process of splitting the larger fragments generally 
acquii’ii a positive cliarge, and the smaller fragments, a negative 
one. During a thundcr.storm the warm air near the surface of the 
earth rises, expands and cools. Its uprush not only splits the 
water-drops, but also brings about a separation of cliarge. the 
smaller drops with the negative charge being carried upward. 
A charged cloud thus comes to be formed, with negative electri¬ 
city at the top and positive electricity at the bottom. Portions 



of the cloud with only one kind of 
charge may get separated. 

When large charges have been built 
up in this way. the attraction betw'cen 
opposite charges may cause an 
electric discharge to pass between 
two parts of the same cloud, or 
between two clouds, or between a 
cloud and the earth. A discharge of 
this kind is called lightning. The path 
followed by the discharge is often 
marked by a brilliant luminosity. The 
loud noise accompanying a flash of 
lightning is called thunder. It is duo 
to the sudden expansion of the air 
along the path of the lightning. 

263. Protection from Lightning 

A charged cloud will induce an 
opposite charge on the ground. The 
attraction between the opposite 
charges may cause lightning to strike 
the earth at a point which is electri- 
cettty nearest to the cloud. The tallest 


Fig, 294 
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structure in a locality is. therefore, most likely to be struck by 
lightning. 

To protect a tall building from lightning a metal rod, called 
a lightning rod, with several points is placed on the roof. A 
strong metal conductor passing over the outside of the house 
connects the rod to the moist earth (as shown by the plate P 
in fig. 294). The cloud discharges into the earth through this 
conductor. The points on the conductor help this discharge. 

A conductor of height k protects a conical region of radius ih. 

Tn a lightning storm, safe places of shelter are (i) a steel-frame 
building, (ii) a building well provided with lightning conduc¬ 
tors, {Hi) an automobile or a shed with an earthed metal 
roof, (iv) a cave, dugout or ravine. One should keep away 
from wire fences, isolated trees, w'alls, stoves «and fire places. 

Exercises 

1. What are electrons and protons? Explain electrification 
by friction in terms of electrons and protons. 

2. Why do we say that the production of a charge necessitates 
the production of an equal opposite charge? 

Electricity is said to obey a law of conservation. (State any 
other similar law that you may know. 

3. Draw a neat sketch of a gold-leaf electroscope and label 
the parts. How will you charge it with positive electricity 
(a) by conduction, (6) by induction ? 

4. You are given a gold -leaf electroscope, a glass rod and a 
piece of silk, and asked to determine the kind of electricity which 
will be produced on a stick of sealing wax when rubbed with 
flannel. State clearly what you will do. 

5. Explain the following statements:— 

(а) Repulsion is a surer test of electrification than attraction. 

(б) Induction precedes attraction. 

(c) The charge on a conductor resides on the surface. 

6. Explain the action of a point in discharging a conductor. 
How does a lightning rod act? 

7. What is lightning? Why is it not safe to stand in the 
open during a thunderstorm? What precaution will you take in 
such a situation? 
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264. Coulomb^s Law 


Coulomb was the first to establish quantitatively the law of 
force between electric charges. By 1777 he had devised an appa¬ 
ratus known as the torsion balance. With its help he established 
the result that the force between tvw (point) charges varies directly 
as the product of the charges and inversely as the square of the dis¬ 
tance between them. This is known as Coulomb's law of inverse 
square in electrostatics. 

Mathematically, the law is expressed by writing 


^ kr^ 


(264*1) 


where / is the force between two point fharges of magnitude 
g, and separated by a distance r. k is a constant, called 
diekclric constant, whose value depends on the nature of the 
medium separating the charges, k for vacuum is taken as 
unity. For air it has practically the same value. 


The electrostatic unit of charge- Formula 264*1 helps us in defi¬ 
ning the electrostatic unit of charge. An electric charge which 
repels an identical charge at a distance of 07ie centimetre from it 
in vacuum with a force of one dyne is said to have a magnitude of 
one electroslxUic unit. There is no commonly accepted name for 
this unit. We shall refer to it as tlie e.s.u. (abbreviation for elec¬ 
trostatic unit) of charge. The practical unit of charge is called 
the coulomb. Jt is equal to 3 x 10® e.s.u. 

The charge on an electron or a proton is 4-8 x 10*'® e.s.u. It 
requires 2 08x10® electrons to make up one e.s.u. of negative 
charge and as many protons for one e.s.u. of positi\'o charge. 


265. Electric Field 

The region surrounding an electric charge where its influence 
may be detected is called an electric fieM. To investigate an electric 
field we may imagine a unit, positive, point charge to be placed 
in the field and find the force it would experience at different 
points of the field. This charge is called a iesfrWgrc. Its presence 
in a field is supposed not to alter the field in any way. 

The intemity , (or strength) of an electric field at a poin t is defined 
as the force in dynes which would act upon a unit positive test 
charge if placed at the point. The direction of this force is called 
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the direction of the electric field. Intensity of the field is clearly 
a vector quantity. It is measured in dynes per unit charge. 

If a charge of q electrostatic units be placed in a field at a point 
where the intensity is E dynes per unit charge, the force/ on the 
charge q is given by 

/ (in dynes) 

A point cliarge q produces at a distance r from it in air an 
electric field of intensity given by 



266. Lines of Force in an Electric Field 

If a small, free, positive charge were released in an electric field 
it would be urged in a definite direction at every point of the 
field. A line of force in an electric field is the jjath which a free, 
positive, point charge would describe if it moved everywhere in the 
direction of the field. The tangent to a line of force gives every¬ 
where the direction of the field. 

Lines of electric force are assumed to originate on po. itive 
charges and terminate on negative charges. Attraction and re¬ 
pulsion between charges may be visualized if we endow the lines 
of force with the properties of a strctclied, elastic cord. In fact, 
magnetic and electric lines of force have exactly similar proper¬ 
ties, and all that we said about the former in § 234 will apply 
to the latter if we replace the magnetic terms by the correspon¬ 
ding electric terms. 

267. Electric Potential 

The concept of potential plays a very important role in physics, 
particularly in electrical phenomena. It may be introduced in the 
following way. 

Consider a region of space initially free from all electrical 
influence and devoid of matter. Imagine a small charge -i q' 
placed anywhere in the region. It may be moved about in the 
region without any work of electrical origin being done, since 
there is no electrical force acting on it. 

But let a charge -|-g be placed at any point P in this region 
before the charge -{~q' is brought in. To move gf'from one point 
to another in the region will now require work, for the charge -f gr' 
will be acted upon by the repulsive force due to +q. To move -i q' 
nearer to -\-q some externa! agent will have to do work against 
the repulsion, while if + 5 ' moves away from -fg the repulsive 
force does work. Work is done also when either or both of q 
and q' are negative. 



ELECTRIC FIEL1> AND POTENTIAL 


311 


We thus find that the presence of a charge q confers upon the 
region around it a property in virtue of which work must be done 
in moving another charge from one point to another in the region, 
or in bringing this other charge from outside the region to a 
point within the region. This property is called electric potential. 
Its value at any point is measured by the work done (by an ex¬ 
ternal agent) in bringing a unit positive charge from infinity 
(i.e. outside the region) up to the point. 

If W units of work arc required to bring q units of charge from 
infinity to a point P, the potential F at P is given by V — Wfq 
or W — Vq. i.e,, 

Work - Charge x potential. 

Potential difference. If the potential at a point *4 is and that 
at a point B is Vy then F^— Fj is the difference, of potential 
botnoen the points. The work W done in transferring a charge 
q from B to A will be given by 

H^---(F,-F,) yq. 

The Volt. The volt is tlie practical unit of potential difference. 
Two points are said to bo at a potential difference of one volt 
when one joule of work is done in transferring one coulomb of 
charge from one poiiit to the other. 

Positive electricity tends to flow from places of higher to places 
of lower potential. It will bo profitable for a beginner to remember 
that po.sitive electricity tends to move from places of higher 
potential to places of lower potential. Negative electricity does 
the reverse. 

When two bodies at different potentials are brought together, 
positive electricity will flow from the body at the higher potential 
to the body at.the lower potential even if the latter has more 
electric charge on it. Tlie flow continues until the potentials are 
equalized. 

Analogy between potential and ^eveP iii hydrostatics. Potential 
may be compared with ‘level’ in hydros¬ 
tatics. In fig. 295 the level of wsiter in 
A is higher than that in B. When the 
stopcock D is opened water flows 
from v4 to even though B may con¬ 
tain more water. The flow continues 
so long as the level in A remains higher 
than that in B, and stops when the 
levels are equal. The behaviour of the Pig- 295 

liquid is the same as that of a positive electric charge. When 
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two bodies at different potentials are connected together posi¬ 
tive charge flows from the body at the higher potential to that 
at the lower until their potentials are equalized. 

Hence potential behaves in the manner of hydrostatic pressure 
and may be called an ‘electrical pressure’ forcing a positive charge 
to move from higher to lower potential. Negative charge, however, 
behaves oppositely. , 

Analogy between potential and temperature. When two bodies 
at different temperatures are brought together, heat flows from 
the body at the higher temperature to that at the lower even if 
the latter has more heat in it. The flow' continues until tJxe tem¬ 
peratures’are equalized. The behaviour of positive charge is like 
heat, and potential behaves in the manner of temperature. 

268. Capacity 

When a charge (q) is placed on an insulated conductor, it 
acquires a potentijd (v). The ratio of the charge to the potential 
is called the capacity (6^) of the conductor. In symbols, 



Capacity may, therefore, be defined as the charge required to 
raise the conductor to unit potential. 

The capacity of a conductor depends on (i) its area, {ii) the 
medium surrounding it and {Hi) the presence of neighbouring con¬ 
ductors. 

In general, capacity increases with area. In the case of spheres, 
capacity is proportional to the radius. 

Capacity increases if the conductor is surrounded not by air, 
but by some nonconducting solid or liquid medium such as 
paraffin wax, shellac, sulphur, glass, oil etc. 

The presence of a neighbouring conductor, particularly if it is 
earthed, increases the capacity of a conductor. (See below.) 

269. Condensers 

Two neighbouring conductors, one insulated and the other 
ordinarily earthed, with a non-conducting medium separating 
them, constitute an electric condenser. It is used for storing 
•electric charge. Practical condensers are generally constnicted 
to have simple , geometrical shapes. Thus, in parallel-plate con¬ 
densers the conductors are two parallel plates, in spherical con¬ 
densers they are two concentric spherical surfaces and in cylindri¬ 
cal condensers, the conductors are two coaxial cylinders. 

Principle of the condenser. A condenser may be looked upon 
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as a device in which the capacity of a conductor (the insulated one) 
has been increased by the presence of a neighbouring earthed 
conductor. How this increase is brought about maybe understood 
from the following diagram (Pig. 296). 




Fig. 296 


Suppose the metal plate A is joined to the positive pole of a 
battery. It will acquire a positive charge and be at the potential 
of the pole. When anothfer plate B is brought near A , it’is charged 
by induction as shown. The negative charge on B brings more 
positive charge on A by attraction. This action i>s, however, 
opposed by the positive charge on B. Wlien B is earth-connectwl 
the free positive charge on it es(;apes into the earth, leaving the 
negative charge on B free to attract yet more charge on .d. .d is 
still at the potential of the pole, but holds more charge. Its capa¬ 
city has increased. 

The two plates of a condenser have equal and opposite charges. 
The capacity of a condenser is defined as the ratio of the charge 
on either conductor to the difference of p(»tcntial between tlie 
conductors. 


If C = capacity, Q — charge and V ■— potential difference, 
C^QIV or Q^CV 
i.e., cliarge—capacity xiJotontial difference. 

The practical unit of capacity is the farad. A condenser in 
which a charge of one coulomb on either conductor causes a 
potential difference of one volt between the conductors is said to 
have a capacity of one farad- 


I farad= 


1 coulomb 
1 volt 


A farad is too largv^ a capacity for most practical purposes. It 
is therefore common to nse the microfarad, which is one millionth 
of a ffirad. 

1 microfarad (I (i/)== 10"® farad. 


270. Factors affecting the Capacity of a Condenser 

The capacity of a condenser depends on (i) the size of the 
conductors, (it) the distance between them and (Hi) the nature of 
the medium separating them. 
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Capacity increases with the size of the conductors. It also 
increases as the distance between the two ooTuluctors diminishes. 

Other factors remaining constant it has been found that the 
capacity is materially affected by the medium filling the space 
between the two conductors. 

The influence of a non-conducting medium on the capacity of a 
condenser is expressed through a constant called dielectric con¬ 
stant or specific inductive capacity. It is the ratio of the capacity 
of a condenser when the given medium separates its conductors 
to the capacity when air (more strictly, vacuum) separates them. 
This constant is usually denoted by the symbol k (hit in kappa). 
Values for some media are given below. 


Substance 

! k 

1 

Substance 

1 

k 

Air (at N.T.P.) 

1000586 

Sludlac 

3—3-7 

Paraffin w'ax 

; 20—2-3 

Sulphur 

3-6-4-3 

Dry paper 

: 20—2-4 

Paraffin oil 

4-6.1-08 

India rubber 

! 21—203 

Mica 

5-7-7 

Wood 

! 2-5—2-7 

Flint glass j 

7—10 


271. The Leyden Jar 

One of the earliest forms of condenser is the Lcytlen jar, named 
after its place of invention (1745) in Holland. It is a glass jar 
(F; Fig. 297), the bottom and about three-quarters of the sides 
of which are coated inside and outside with tinfoil. The inner and 
the outer tin-foils (if,, Jf^) are the two ‘plates’ of the condenser 
with glass as the medium separating them. A brass knob K is 

attached to one end of a brass rod B 
passing through an insulating lid fitting 
the mouth of the jar. Electrical connection 
between the knob and the inner coating of 
the tin-foil is made by a short length of 
brass chain hanging from the rod. The jar 
is coated on the outside with shellac to 
reduce leakjigc of electricity. 

To charge the jar it is held in the hand 
by the outer coating, which connects it 
to the earth. The knob is then brought 
Fig. 297 into contact with one terminal of an 

electrostatic generator, say, a Wimshurst machine. Fig. 297 
shows the distribution of charge w'hen the knob is connected 
with the negative pole of the machine. 
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Fig. 208 


The jar is discharged by a pair of tongs, as shown in fig. 298, 
It is of brass with an insulating handle. One knob of the tong 
is laid against the outer coating and the 
other gradually brought near the knob K 
of the jar. The discharge occurs with a 
bright spark. 

The capacity of a Leyden jar depends on 
the area coated on both sides with metal 
foil and the thickness of the glass betw'cen 
foils. Capacity is directly proportional to 
the area and inversely jnoportional to tlie 
thickness. 

A Leyden jar charged by an electrostatic machine may produce 
a dangerous shock when the tw'o foils arc simultaneously touched. 
There is a record of the discharge from a big jar passing through a 
rank of 180 soldiers making them all jump a,t once. 

Condensers witli only one pair 
of plates will have a small capa¬ 
city. Comijact condensers of lar¬ 
ger capacity arc constructed of 
alternate sheets of tin-foil (thick 
lines in fig. 299) and paraffined 
paper or mica. Alternate tinfoils 
Fig. 299 are connected together and form 

one terminal of the condenser {A and B of fig. 299). Parallel 
plate condensers of whicli the capacity can be varied by turning 
a knob are used for tuning radio receivers. 



Exercises 

1. State Coulomb’s law of force between two point cliargcs. 
Define the electrostatic unit of charge. What is the practical 
unit? How are the two units related? 

2. What is an electric field? Explain the term ‘test charge’ in 
connection with an electric field. 

Define ‘intensity of a field’. What do you understandby direc¬ 
tion of a field? 

3. What arc lines of electric force? What arc the properties 
ascribed to them? 

4. What do you understand by electric potential? What is its 
measure? Define the volt. 
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6. State the points of similarity between electric potential 
and temperature. 

6. In what way can electric potential be treated as a pressure? 
State any similarity it may have with hydrostatic level. 

7. What is a condenser? How does it act? Illustrate your 
answer with the Leyden jar. 

8. What is meant by the capacity of a condenser? What is the 
practical unit of capacity and how is it defined? 

Mention the factors on which the capacity of a condenser 
depends, and state the nature of the dependence. 

What do you understand by the ‘dielectric constant’ or ‘specific 
inductive capacity’ of a medium? 
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NATURE AND PROPERTIES OF 
ELECTRIC CURRENTS 

272. The Electric Circuit 

The benefits we derive from electricity follow not from electric 
charges at rest, but from electric 
charges in motion, i.c., from the 
electric current. It will be easy 
for us to un<ierstand some of 
the basic facts about electric 
currents when we remember the 
behaviour of a current of water. 

Let us sec wliat we will 
have to do to maintain a 
current of water in a system of 
pipes A BCD as in fig. 300. The pipes must be arranged to form- a 
closed path so that water may flow continuously as long as wo 
desire. Besides, there must be a pump P somewhere in the 
closed path to force water through the pipes and maintain the 
circulation. To turn the current on and off at will we may also 
place a stop-cock F somewhere in the patli. 

This simple arrangement tells us what wo will have to do to 
maintain an electric current. It is as follows : 

(») There must be a closed path along which electricity will 
move. Since insulators do not allow motion of electricity along 
them, the closed path must be made up of conductors. The 
conductors are generally metallic wires. Such a path is called an 
electric circuit. 

(ii) Somewhere in the circuit there must be a device corres¬ 
ponding to the pump which will force electricity through the cir¬ 
cuit and maintain the circulation. The cell of a torch, or a dynamo 
is such a device. It is called a source of electromotive force, 
(abbreviated e.m.f.). E.m.f. has been discussed in §. 276 later. 

{Hi) To turn the current on and off at will we should include a 
suitable device in the circuit. It is called a switch. The position 
of the switch or the position of the source of e.m.f. in the circuit 
is immaterial, just as the positions of P and F in fig. 300 are. 

273. What is an Electric Current 

An electric current is a flow of electric charge just as a water 
current is a flow of water or an air current is a flow of air. All 



Fig. 300 
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metallic conductors have electric chasges in them which are 
free to move. A drift of such charges in one direction along a 
conductor constitutes an electric current. 

In metals these charges are electrons. As electrons carry negative charges, 
they move from places of lower to places of higher potential (See § 267). The 
motion of electrons from lower to higher potential produces the same effect 
as the motion of an equal positive charge from higher to lower potential. 
We are accustomed to look upon a current in a conductor as a flow of 
positive charge, though w'hat takes iflace is a flow of negative charge. 
Eemcmbcr this fact; but do not allow it to confuse you- 

A current of water flowing through a pipe may be measured 
by the amount of water which flows past any section of the pipe 
in a given time, say, one second. Similarly, an electric current 
may be measured by the amount of charge which flows past any 
section of a conductor in one second. The practical unit of electric 
current is the ampere. If one coulomb of electricity moves past 
any section of a conductor in one second, the current is said to 
have a value of one ampere. Obviously, a current of C amperes 
flowing for t seconds will transport Q coulombs of electricity 
given by 

Q(in coulombs)—(7 (in amperes)xt (in seconds) 

In our example of water flowing through a closed, undivided 
system of pipes, the current at all places has the same value, 
i.e., the same quantity of water is transported across any 
transverse section of the pipe wherever we consider the section. 
Similarly, in the case of electricity, an, electric current mil have 
the same value everywhere along an undivided circuit. 

Experiment 58. To set op a simple electric circuit. (Fig. 301) 
Apparatus : An accumulator (B), a key (JT), a rheostat (iZ) an 
ammeter (A), necessary connecting wires. 

[Descriptions: An accumulator is a device which drives electri¬ 
city through the circuit. It corresponds to the pump P of fig. 300. 

Its action is described later in 
§ 282. In fig. 301 £ represents the 
accumulator,the longer line stand¬ 
ing for the gate or the electrode 
from which positive electricity 
flows into the circuit. The thick, 
^ , shorter line is the gate or electrode 

through which it flows back into the accumulator. The former 
is called the positive electrode and the latter, the negative electrode. 

An ammeter is a direct-reading instrument which gives in 
amperes the value of the current flowing through it, and hence 
also through the circuit. 
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A koy or a switch is a very simple device which can close, (i.e., 
condiictingly complete) the circuit or introduce an air gap (and 
hence a break) in it. When 
the C5irouit is broken, no 
current flows. So the key 
corresponds to the fleviee F 
in fig. 300. Removal of the 
plug in a plug key (Fig. 302) 
breaks the circuit. It.s inser¬ 
tion clo.ses the circuit. 

A rheostat csonsists of i coil of bare wire wound in a narrow' 



groove round a por¬ 
celain cylinder (Fig. 
303). 'Phe succea.sive 
turns do not touch 
each otli(‘r. The ends 
of the {!oil are con¬ 
nected to two termin¬ 
als, A and B. CD is 
a metal rod Avith a 
terminal at D. S is a 
sliding contact which moves along CD and brings it into metallic 
connection Avith the coil at diflVrcnt places along the length 
of the coil. 

If the rheostat is connected to the circuit by the terminals A 
and jB, the whole of the coil 



C 


b 


V 


is included in the circuit. z-- 

But if the connections are at B 

A and D, the portion of the 


wire included in the circuit Fig. 304 

depends on the position of S. The effective portion is from 
A to the point of contact of S on the coil as shoAvn in fig. 304. 
Increasing the effective jiortion of a rheostat, reduces the value of 
the current in a circuit. In this experimeno start by having 8 
mi<lAA'ay between C and D. 

The connecting wires are of copper wound round AA’ith cotton 
(or silk) for insulation. The ends must be bared of cotton, cleaned 
Avith sand paper, bent into a half loop and firmly held betw'ccn 
the nuts of the binding screws W'ith Avhich all electrical apparatuses 
arc provided. 

In making the connections see that the terminal of the ammeter 
marked -f (positive) is connected with the positive electrode of 
the accumulator. 

Having completed the connections properly, and checked 
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them insert the ping of the key in position and observe the 
following : 

(i) The needle of the ammeter moves showing that a current is 
flowing. 

(ii) The ammeter gives a steady reading because it measures the 
rate of flow of charge and not the total charge flowing in a time. 

(ni) When the plug is removed the needle of the ammeter 
flics to the zero position showing that a current is no longer 
flowing. The removal of the plug has broken the metallic circuit 
by introducing an air gap in it. Air is a non-conductor of electri¬ 
city. 

(iv) Slide the rheostat contact S so as to include more of tlie 
rheostat wire in the circuit. See that the ammeter gives a lower 
reading ; the current in the circuit has diminished. 

Move S in tlie opposite direction. The current will increase. 

274. Three Effects of an Electric Ciurent 

Anelectric current is known to produce three kinds of effects, 
namely, {i) magnetic, (ii) thermal and {iii) chemical or electrolytic. 
The fact that an electric current alw'ays produces a magnetic 
field around it is known as its magnetic effect. When an electric 
current pa.sses through a conductor, it generates heat in the con¬ 
ductor. This is known as the heating effect. An electric current 
passing through conducting solutions (such as solutions of acids, 
salts or bases in water), brings about chemical decomposition of 
the molecules in solution. This is the chemical or electrolytic 
effect of a current. 

Some simple experiments to demonstrate the effects are des¬ 
cribed below. 

Experiment 58. To demonstrate the magnetic effect of a current. 

Apparatus : As in Experiment 62, a connecting wire about a 
metro long, si magnetic needle (preferably long). 

Set up the circuit including the metre-long wire in it and adjust 
the rheostat so that the current is about one ampere. Now, observe 
the following : 

(i) Hold the long wire parallel to the needle and o6ot;c it. The 
needle will be deflected. Observe the direction in which the north 
pole moves. 

(u) Bring the wire nearer the needle. The deflection increases. 

iiii) Increase the current. The deflection increases. 

(iv) Now hold the wire below the needle and repeat the observa¬ 
tions. The deflection of the north pole will be in the opposite 
direction. 
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(v) Interchange the connections at the two poles of the 
accumulator. This reverses the direction of flow of current in the 
circuit. (Note that this will also necessitate interchanging con¬ 
nections at the ammeter unless it is a centre-zero instrument. 
Reversal of the current relative to the needle can be more easily 
done by turning the wire or inverting it). 

Repeat observations (i) to {iv) and note that in each case the 
deflection now is in the opposite direction. 

(m) Hold the wire vertically (o) beyond the N-pole, (6) beyond 
the S-pole. Observe the deflection of the N-Pole in each case, 
and also when the current is reversed in either position. 

Complete the following table, remembering that the conven¬ 
tional electric current flows in the external circuit from the 
positive pole to the negative pole of the accumulator. (Poles are 
the external terminals of the electrodes.) 


Position of current 
relative to n-eedle 


Direction of current flow 


Direction in 
which N-pole is 
dcfleded (Say if 
East or West) 


Above 

Below 

Beyond the N-polc 
Beyond the S-polc 


South to North 
North to South 
South to North 
North to South 
Vertically upwards 
Vertically downwards 
Vertically upwards 
Vertically downwards 


From your observations confirm the following rules : 


(i) Oersted*s* rule. If the right 
palm is so placed that the current 
lies between it and the needle 
(Fig. 306), and the fingers pouit in 
the direction of the current, the 
out-stretched thumb will show the 
direction in which the north pole is 
deflected. 



* The fact that an electric current produces a magnetic field around it was 
accidentally discovered in 1819 by Hans Christian Oersted of the Copenhagen 
University while conducting an experiment before his class. He found that 
a wire carrying a current deflected a magnetio needle when held near it. When 
the current was reversed, the deflection was in the'opposite direction. 

21 
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(ii) Ampere’fi rule. If we imagine a man ’swimminq al^)ng 
the conductor in the direction of the current with his facd 

towards the needle (Fig. 306) 

. the north pole of the needle 
will be deflected towards his 
left hand. 

Other magnetic effects of 
currents are. discussed in 
Fig. 306 . ; ' Ohapter 35. 

Experiment 54. To demonstrate the heating effect of a cnirrat. 

Apparatus : As in Experiment 52, but with two accumulators, 
a piece of nichronle wire about a metre long (strectched between 
two stands, or wrapped round an asbestos sheet) with binding 
screws attached to the ends. 

Set up the circuit including the nichrome wire in it. Use both 
accumulators, connecting the positive of one to the negative of 
the other, and the circuit to the free poles of the two. Let the 
whole of the rheostat wire be included in the circuit at first. 

Gradually increase the current by adjusting the rheostat 'Ihe 
nichrome wire will feel warmer to the touch. Be careful it does 
not singe your finger. As you go on slowly increasing the current 
the nichrome wire will begin to glow at some stage. Further 
increase in current will make it glow brighter. It may eventually 
molt. Do not, however, allow the current to rise above one ampere 
lest your .rheostat should be damaged. You will see that as the 
current, increases the rheostat wire is appreciably heated. (A 
rheostat which can stand currents of over one ampere should be 
used). 

' ‘Electric lights are due to the heating effect of currents. The 
line tungsten wires in the bulbs are heated to such high tempera¬ 
tures by the currents flowing through them, that they emit bright 
light. You will see that the bulbs are warm to the touch when 
glowing. 

Electric stoves, heaters and irons are other exampljss of the appli¬ 
cation of the heating effect of currents. The effect has been further 
discussed in Chapter 36. 

Experiment 56. To 
demonstrate the chemical 
action of a current. 

AppareUm : As in 
' Experiment 54 biit w'ith-. 
j;p5B,t the nichrome wire; a 

.glass, cell; 'two copper 307 

strips of the shape of an elongated S ; sotne sulphuric acid, 
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Set up the circuit with the cell included in it as in fig. 307. 
Suspend the copper strips from the edge of the glass cell. Their 
outer ends should have some attachment for holding connecting 
wires. 

No current passes through the circuit as there is a large air 
gap in the glass cell. Pour water 
into the cell- The current still does 
not pass. Water is a non-conductor 
of electricity.. 

Pour a little sulphuric acid into 
tlie water and stir. The current will 
now pass, Add more acid until the 
current increases no further. Now 
adjust the rheostat so that the 
current is about an ampere. 

You will find that bubbles of gas 
arc rising from the copper strips. 

These gases can be collected over 
water in inverted test-tubes filled 
with water (Fig. 308) .For this purpose 
the strips may be varnished except 
at the ends. On testing you can prove that one of the gases 
is oxygen and the other hydrogen. When the current is stopped 
the evolution of gas ceases. 

The passage of the current through the solution has clearly 

brought about some chemical 
action—here decomposition 
of water into hydrogen and 
oxygen. It is an example of 
the chemical effect of cur- 
rei^ts. With copper and sul¬ 
phuric acid, as used above, 
a blue coloration will soon 
appear. This is due to copper 
getting into solution. 

Other examples and applications of chemical effects of currents 
have been discussed in Chapter 37. 

The three kinds of effects can be demonstrated together in the 
. same circuit as in fig. 309. jDmay be the bulb of a torch. Its glow 
demonstrates the heating effect. N is a magnetic needle. A portion 
of the circuit wire runs parallel to N. C is a, glass cell as describ¬ 
ed in Experiment 66. A is an ammeter and K, a key. B may be 
a motor oar battery or a group of two or three aocumal^fors, 



Fig. 309 
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275. Physiological Effects of >011 Electric Cniient 

Moat of you who use electricity at home might have, some time 
or other, received an electric ‘shock* while handling a faulty electri¬ 
cal equipment, such as a defective bulb, fan, beater or fuse etc. 
The ‘shock’ is the effect of the passage of an electric current 
through your body to the earth. 

An electric current passing through the body will affect both 
sensory and motor nerves, and thus cause sensations of pain, 
involuntary movements and twitchings. Strong shocks, due to 
large currents, may cause severe burning and death by heart 
failure. 

The degree of shook depends on the current producing it. The 
current in its turn is determined by two factors: (i) the 
‘voltage’ available to drive the current, and (ii) the intimateness 
of the contact between the body and the electrical equipment on 
the one hr-nd and the body and the earth on the other. More 
often the current passes through the arm, body, and legs to the 
earth. If the hands and legs are moist the current will be stronger. 
Higher voltages produce stronger currents. 

To protect yourself from a shock stand on a dry wooden stool or 
board while handling electrical equipment connected with supply 
mains. Potential differences of 20 or 30 volts hardly produce any 
sensible shock. 


Exercises 

1. Point out the similarities between a current of water and a 
current of electricity. What part do the following devices play in 
aji electric circuit: (a) a source of e.m.f; (6) a key; (c) a rheostat; 
(d) an ammeter? 

2. State Oersted’s rule and Ampere’s rule relating to the deflec¬ 
tion of the north pole of a magnetic needle by an electric current, 

A current flowing north to south is held below a magnetic needle. 
Apply any of the above rules to find the direction of deflection of 
the south-pole. Draw a diagram to show application of the rule 
in the given case. 

3. How would you arrange an electric circuit to demonstrate 
all the three principal effects of an electric current? Illustrate 
with a neat diagram. 

4. What is an electric circuit? How should connecting wires 
be used in a circuit to connect the appliances included in the 
circuit? When an ammeter and a key are included in the circuit, 
is it necessary that they should occupy certain fixed positions 
relative to the source of e.m.f.? 



CHAPTER 33 


ELECTROMOTIVE FORCE AND 
VOLTAIC CELLS 

276. What keeps an Electric Current flowing 

Any motion or any change, as you know, requires an agency 
to bring it about, and also needs an expenditure of energy. All the 
time the motion or the change continues, the agency must be 
acting and spending energy. The flow of an electric current is no 
exception. Some agency must be there to drive the current, and 
it must have the necessary energy at its disposal to expend in the 
action. 

By the term electromotive force (abbreviated e.m.f.) we mean 
an agency which, when present in a conducting circuit, can 
drive an electric current. Now, electric charges do not move 
unless there is a potential difference (See §267). The action of the 
source of e.m.f. consists in setting up and maintaining a potential 
difference. The e.m.f. of a source is measured by the potential 
difference it sets up. It is expressed in volts (See 267). 

Energy of the source of e.m.f. The source of e.m.f. must have 
the necessary energy at its disposal to drive the current. Where 
does this energy come from? In the various types of voltaic cells 
(discussed in subsequent sections) the energy comes from the 
chemical actions taking place within the cell. Here chemical 
energy is converted into electrical energy. In other kinds of sources 
of e.m.f., other forms of energy are converted into electrical 
energy, e.g., mechanical energy in a dynamo, beat energy in a 
thermo-couple and light energy in a photovoltaic coll. 

Remember that a source of e.m.f. is a device w'hich converts 
energy into an electrical form. 

Conversion of electrical energy into other forms. Energy cannot 
be destroyedjust as it cannot be created. What does then happen to 
the electric energy a source of e.m.f. supplies? A part of it, general¬ 
ly a small part, is expended in creating the magnetic field around 
the current. If there is nothing else for the current to do, it 
will expend the rest of the energy in developing heat in the conduc¬ 
tors through which it passes. Some times the current has other 
things to do as well, such as turning the motor of a fan or machine 
or causing electrolysis. In the former case electrical energy is 
also converted into mechanical energy; in the latter case, into 
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chemical energy. The development of heat is, however, always 
there. 


277. The Simple Voltaic Cell 

Experiment 56. To construct a simple voltaic cell and study its 
action. 

ApparaitLs: Amalgamated zinc rod* with binding screw 
attached, copper plate with binding screw, dilute sulphuric 
acid in a porcelain pot, copper wires, magnetic needle, 
ammeter. 

Observations: (t) Place the zinc rod in the acid. Tliere is no 
visible action. Place the copper plate also in the acid taking care 
that it does not touch the zinc. No action occurs. 

(ii) Connect the two metals by a wire outside the liquid. You 
will find that zinc begins to dissolve and bubbles of hydrogen 
appear on the copper plate. 

{in) Hold the connecting wire above the magnetic needle and 
parallel to it. The needle will be deflected. 

(w) Use a fine wire to connect the metals. It will be heated. 

[To get the effects at {Hi) and (iv) clearly, it will be necessary 
to brush away the gas bubbles sticking to copper and zinc,] 

From {Hi) and {iv) you may conclude that an electric current 
is flowing through the wire. 

Actiou of the cell. The above combination of zinc, acid and 
copper is knowm as a simple voltaic* cell. 

The zinc dissolves as the current flow’s. The chemical energy 
released in the action is converted into electrical energy. One may 
therefore, say that the \fueV in a simple voUair, cell is zinc. 

The electromotive force is set up by the chemical action which 
takes pla<ie at the surfaces of contact between the metals and the 
acid. It drives positive electricity to the copper and negative 
electricity to the zinc. The presence of a positive charge pn the 
copper and a; negative charge on the zinc can be established 
•experimentally. The potentia,! difference between them can also 
be measured. Its value when the cell is not driving any current is 
the measure of the e.m.f. In this case it is nearly one volt. 


■ An axaalgam means a solution of one or more metals inmorouiy. To 
form the amalgam, the zino should be cleaned in acid, and a few drops of 
meronry worked into its surface until a smooth, even, somewhat plastic surface 
is'obtained. ' 

, * It is named after Alesundro Volta, an Italian scientist, who in 1800 a,d. 
'set tip the device for the first time. • 
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When a current is passing, electrons move along the wire from 
the zino to the copper and neutralize the positive charge 
there. The e.m.f. keeps the metals continuously supplied with 
electricity so long as there is zinc and acid in the cell to provide 
the chemical action. 

Conventionally, wo treat the current as a flow of positive charge. 
Hence the direction of flow is taken as from copper to zinc ex¬ 
ternally and from zinc to copper within the cell. 

The copper plate within the cell is called the positive electrode, 
and its outer terminal, the positive pole of the cell. The corres¬ 
ponding parts of zinc are the negative electrode and the negative 
pole. The acid is called the electrolyte. 

Other simple cells. A simple cell can be made with a variety 
of materials. Stick a piece of copper wire and a zing wire into a 
lemon or an orange. The wires become the electrodes of a simple 
cell of which the electrolyte is citric acid. Test by touching your 
tongue with the wires. The sensation you get op the tongue is due 
to the passage of a small electric current. 

Put a small piece of blotting paper soaked in salt solution 
between two coins of different metals. This 
combination is also a simple cell. 

Ordinarily, any acid can serve as the 
electrolyte. The positive electrode may be 
carbon, or a metal like silver-, gold, platinum 
etc., which does not readily dissolve. The 
negative electrode should be a material like 
zinc, lead, aluminium etc., which dissolves more 
readily. The e.m.f. will depend on the naturfe 
of the electrodes and the electrolyte. 


Rg. 310 

278. Detects of the Simple Cell 

The simple cell has two main defects known as (i) local action 
and {ii) polarization. 

(i) Local action. Common zinc contains impurities, such as 
carbon, iron, lead, arsenic etc. The particle of impurity acts as 
the positive pole of a tiny local cell on the sifrface of zinc. [Elec¬ 
tricity flows in a short local circuit from the impuritylbb tlie zinc 
and back through the electrolyte to the particle (Fig. 310). This 
action is known as local action. It results in a wastage of .the 
electrode, usually the zinc, and does not produce any flow of 
electricity in the external circuit., , . . 

Local action is prevented by amalgamating the zinc with 
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mercury. The mercury dissolves the zinc and the amalgam covers 
up the impurities. As the zinc is consumed the impurities fall to 
the bottom of the cell. 

The electrodes should be removed from the acid (when the cell 
is not in use. 

{ii) Polarization. When the simple cell supplies a current, 
bubbles of hydrogen gas collect on the copper electrode. It 
makes the electrode behave like hydrogen rather than like copper, 
and reduces the e.m.f. of the cell. This effect is known as polariza¬ 
tion. More generally we can say that polarizaiion is the change 
in the nature of an electrode brought about by the chemical action 
going on within the cell. 

Since hydrogen gas is a non-conductor of electricity the deposi¬ 
tion of hydrogen on copper in a simple cell retards the flow of elec¬ 
tricity in the circuit and quickly reduces the value of the current. 

Polarization is minimized by surrounding the positive electrode 
with an oxidizing agent, usually manganese dioxide (MnOj) or 
potassium bichromate (K,O,0y). It is called a depolarizer 
and its function is to combine with the offending hydrogen as it 
forms. In ail types of cells used in practice, devices are employed 
to prevent or'reduce polarization. 


279. The Leclanche Cell 

The Leclanche cell, designed by Georges Leclanche, has a nega¬ 
tive electrode of zinc {Zn; Fig. 311), and 
a positive electrode (C) of carbon. The latter 
is packed round with a mixture (A) of man¬ 
ganese dioxide and powdered carbon, and 
j I enclosed in u. porous pot (P). The electrolyte 
I (iS), contained in a glass vessel, is a solution 

of ammonium chloride and surrounds the 
; porous pot. The solution diffuses through 
the pot and impregnates the mixture around 
the carbon rod. 

When a current is drawn from the cell, 
jzinc goes into solution, and ammonia and 
'g3 hydrogen are liberated at the positive 
electrode. The ammonia dissolves in the 
Fig. 311 ammonium chloride solution and the hy¬ 

drogen is oxidized to water by the manganese dioxide which acts 
as depolarizer. 

The oxidation takes place slowly. So when a current is taken 
for some timie, hydrogen slowly accumulates and the cell 
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polarizes. Left to itself it soon depolarizes and, after a rest, is 
ready for use again. 

The e.m.f. is 1*6 volts. The cell is well suited for intermittent 
operation. It is used with electric bells and flash lights, in which 
the current is taken only for short periods. 

The Loclanche cell has good many advantages. It can be left 
for months without attention, has a low running cost and gives 
little trouble. It is occasionally necessary to add a little water to 
make good the loss due to evaporation. A general cleaning and 
replacement of ammonium chloride solution may be done once a 
yeaY. 

f 280. The Dry CeU 

The ‘dry cell’ is really a form of Leclanche cell in which the 
fluid has been replaced by a damp 
mixture of the necessary ingredients. 

The cell would not function if it were 
dry. The terra ‘dry cell’ is, therefore, 
a misnomer. One may say it is ‘non- 
spillable’. 

The cell usually has a zinc can (Fig. 

312) which serves as the container 
and is also the negative electrode. It is 
lined with blotting paper saturated 
with a solution of ammonium chloride 
and zinc chloride, or with a paste 
composed of plaster of Paris, flour, 
zinc chloride, ammonium chloride 
and water. A carbon rod, which forms ^12 

the positive electrode, is at the centre of the zinc can. The space 
between the rod and the lining on the zinc is filled with a paste 
made of granulated carbon and manganese dioxide soaked in a 
solution of ammonium chloride and zinc cldoride. Zinc chloride 
is highly hygroscopic and keeps the cell from becoming too 
dry. The contents are sealed with pitch, through which a vent 
may be left to permit gases to escape. 

The e.m.f. of the cell is 1-5 volts. Millions of dry cells are 
used daily in flash lights, radio sots and in operating electric 
bells, telephones, signal devices etc. It has all the advantages 
of a Leclanche cell and is non-spillable in addition. 

281. The Daniell CeU 

Another useful form of cell is the Daniell cell. It consists of a 
positive electrode of copper in a saturated solution of copper 





^30 


BLUC^TEICiTY 


sulphate (Fig. 313), and a negative electrode of amalgamated 
zinc in a 5% solution of zinc sulphate containing a little sulphuric 

acid. The two electrolytes are separated 
by a porous pot of iinglazed porcelain, 
wiiich prevents the solutions from 
mixing but allows the flow of current. 
Copper sulphate crystals are often kept 
on a perforated tray to maintain the 
strength of the solution. 

During operation of the cell zinc 
dissolves. The hydrogen, instead of 
forming on the positive plate, displaces 
copper from the copper sulphate. This 
copper is deposited on the positive plate. 
Hence there is no polarization. The 
Fig. 313 cell has a steady e.m.f. of about 

108 volts. It is used in the operation of railway signal circuits 
where a continuous small current is necessary. Its great 
disadvantage is that it must be dismantled when not in use. 
Otherwise the solutions mix up by diffusion through the pores of 
the pot, and the zinc dissolves gradually. 

282. Accumulators 

The cells described so far are known as primary cells. They 
convert chemical energy into electrical energy, and when their 
store of chemical energy is exhausted they cease to function unless 
more chemicals are added. 

There is anotlier kind of cells known variously as accumulators, 
storage cells or secondary cells. In them electrical energy is 
stored as chemical energy by a process known as ‘charging’. When 
‘charged’, the ceil is capable of supplying electrical energy by 
chemical action in the same way as a primary cell. There are two 
principal typos, viz., (i) the lead accumulMor or lead-a^id cell, 
and (ii) the Edison cell, also called nicheUiron-alkali cell or NiFe 
cell. 

The lead accumulator. In a commercial cell which has been 
charged and is ready to deliver a current, the negative electrode 
consists of a group of parallel plates of pure spongy lead. In¬ 
terposed between them lies a group of lead grids packed with 
porous packets of lead peroxide (PbO,) which form the positive 
dectrode. The two sets of plates are kept apart by glass, rubber or 
wooden separators. Positives and negatives alternate with each 
other. All the positive plates are connected to the same terminal, 
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And all the liegativcs to another. The plates are immersed in an 
electrolyte of about 20% sulphuric acid in a glass container. 

While ‘discharging’, i.e., delivering current, both plates {4-ve 
and — ve) become coated gradually with lead sulphate and their 
colour changes to grey. The electrolyte becomes less dense with 
discharge. The e.m.f. his a steady value of 2 volts. The cell can 
deliver large currents. It is a very useful and common appliance 
in an electrical laboratory. 

The process of storing chemical energy in the cell by electrical 
means is knowmas ‘charging’. During‘charge’ an electric current 
is sent through it in a direction opposite to that in Avluch it dis¬ 
charges. Tliis brings about chemical changes wdthin the cell, 
restoring it to the condition in which it can deliver electrical 
energy. 

The nickel-iron-aJkali cell. In this coll the negative electrode 
consists of a mixture of finely divided iron and iron oxide (FeO) 
contained in perforated steel pockets. Tlie positive electrode 
consists of alternate layers of nickelic hydroxide and nickel flakes 
packed into perforated steel boxes. The electrolyte is a 21% 
solution of potassium hydroxide (KOH). 

The cell has an average e.m.f. of about I*2 volts. It is more ex¬ 
pensive than the lead type, but is more robust and stands rough 
liandling better. 


283. Some Facts to remember 

The follow'ing facts may be remembered witli profit : 

(i) The size of a cell does not determine its e.m.f. 

(u) The e.m.f. of a cell is determined by the chemical actions 
in the cell, i.e., by the nature of the electrodes and the electrolyte. 

(Hi) The total amount of charge a cell can deliver is determined 
by the amount of reacting chemicals in the cell. 

(iv) The surfaces of contact between 'he electrodes and the 
electrolyte are the scat of the e.m.f. 

(w) The e.m.f. keeps the tw'o electrodes supplied with two kinds 
of electricity. 


Exercises 

1. What is an electric current ? What is meant by the term 
electromotive force ? How do we get the energy required to drive 
an electric current in a circuit ? (Write the answer to each in 
only one sentence.) 
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Give an example each of conversion of electrical energy into 
some other form, including at least one example not given in 
your book. 

2. Describe a simple voltaic cell and state how it acts. On 
what factor does its e.m.f. depend 1 

3. What are the defects of a simple cell as a source of e.m.f. ? 
How have these defects been removed in the case of the Daniell 
cell ? 


)raw a sketch of a dry cHl and label the parts. Why isit 
called dry ? What is the kind of work for which it is suited ? 
WThat isyits e.m.f. ? 

What are accumulators ? In ,^hat essential respect docs 
an accumulator differ from a cell like the Leclanche cell ? 

Briefly describe any accumulator you are familiar with, stating 
what electrodes and electrolyte it has, and its e.m.f. 

6. Answer the following : 

(а) Why is zinc considered the fuel of a cell ? 

(б) What determines the e.m.f. of a cell ? 

(c) Where is the seat of the e.m.f. in a cell ? 

{d) Why is the zinc rod in a Leclanche cell amalgamated ? 

(e) What part is played by (i) manganese dioxide, {ii) carbon 
granules, in a dry cell ? 
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RESISTANCE AND OHM’S LAW 

284. Resistance 

We have already seen that there is similarity in many respects 
between an electric current and a current of water. Here we shall 
have a further example. When water flows through a pipe under 
pressure, the pressure at the outlet end is less than that at the 
inlet end. The pipe offers a resistance to the flow of water. A 
part of the pressure (i.e., the head of water) is used up in overcom¬ 
ing this resistance. Tlie longer or the narrower the pipe, the 
greater is its resistance. 

A conductor will similarly offer a resistance to the flow of 
current through it. In connexion with Experiments 62 to 65 we 
have already seen that the current is smaller when a longer por¬ 
tion of the rheostat wire is included in the circuit. In these 
experiments the potential difference applied to the circuit was 
maintained constant by the e.m.f. of the accumulator. When, 
therefore, we increased the resistance of the circuit by increasing 
the length of the wire through w'hich electricity had to flow, 
a smaller current was obtained. 

285. Ohm’s Law 

The relation between potential difference and the resulting 
electric current was investigated by G.S. Ohm, a German 
physicist. His result, announced in 1826 as Ohm’s law, is one of 
the greatest importance and "widest application in electricity. 
It may be stated as follows ; 

Ohm’s law: The cmrent flowing between any two points of a 
condnotor ui proportional to the potential difference between them, 
provided that the temperature and other physical conditions of the 
conductor do not change. a I . o 

In fig. 314, let A and B be -r -> - - t 

two points between which there [ j 

is a steady potential difference, Vab- 

Fab. causing a steady current, Fig. 314 

Jab to flow. Since, according to Ohm’s law, Fab and Jab are 
proportional, the ratio of the former to the latter is a constant. 

^®=Constant=RAB (say). (286-1) 

-tAB 

Xhis ratio, J?ab» is called the resistance of the condactor between 
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the points A and B. Its value depends on the material, dimensions 
and temperature of tlie conductor, as we shall see later. 

Dropping subscripts, we maj^ write Eq. 285-1 as 

I = or 11 = j or V=IR (285-2) 

Any of these equations may he taken as the mathematical form of 
Ohm's law. In applying it the correct meanings, as we have stated 
above, must be assigned to V, 1 and R. Students, unfortunately, 
are too prone to neglect this simple advice, with the result that 
even at a very late stage incorrect applications of Ohm’s law are 
made. 

Ohm’s law, as stated above, applies to an undivided part of a 
circuit, i.e., to points of a comluctor between which the current 
neither divides nor augments. 

Ohm—the unit of resistance. The relation i?=F// is used in 
defining the unit of resistance. When a potential difference of one 
volt drives a current of one ampere tlirough a conductor, it is 
said to have a resistance of one ohm. 

® Amperes 

To realize the ohm in practice the following definition was 
accepted by international agreement. The international ohm is 
the resistance offered to an unvarying electric current by a column 
of mercury at 0°C, 14-4521 gm in mass, of constant cross-section 
and of length 106-300 cm. The international ohm represents the 
‘true’ ohm very closely. 

Other International Units. For convenience the ampere and the 
volt have also been defined by international agreement in terms of 
easily realizable quantities. Thus 

The international ampere is that unvarying current which 
deposits silver at the rate of -001118 gm per sec when passed 
through a solution of silver nitrate in water. 

The international volt is that potential difference which 
prodtioes a current of one international ampere when applied 
across a resistance of ono international ohm. 

286. Verification of Ohm’s Law 

Using an ammeter to measure currents in amperes and a volt¬ 
meter to measure potential differences in volts, wo can verify 
Ohm’s law as follows : 

Experiment 67. To verify Ohm's law. 

Apparains. An ammeter, a voltmeter, a battery of two or more 
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accumulafcors, a rheostat, a raanganin or nichrome wire wound 
xound an asbestos sheet and provided with terminals for 
binding two w'ires, con¬ 
necting wires, a key. 

Set up the circuit as 
shown in fig. 315. B is 
the battery; A , the am¬ 
meter ; r, the rheostat, 
if, the ipanganin (or the 
nichrome) wire; V, the 
voltmeter connected to 
the two ends P and Q of Jb'ig. 315 

if. The voltmeter gives the potential difference in volts across the 
points to wliich its terminals are connected—heretlie ends of R. 
See that the positive terminals of the voltmeter and ammeter 
are connected to the positive pole of the battery. 

Switch on the current and note the readings of the voltmeter 
and ammeter. Vary the current with the help of the rheostat and 
note down a number of corresponding readings of the voltage and 
the current. Tabulate the results as follows : 


Serial 

number 

Potential diffe¬ 
rent in volts 
{V) 

Current in 
amperers (i) 

Zz=.R ohms j 
1 1 

Mean R 

1 



1 


1 

.... ohms 


If the currents were not large enough to heat if appreciably, 
or the room temperature did not change much during the experi- 
ment it will be seen that the values in column four are constant 
within limits of experimental error. This constancy verifies 
Ohm’s law. The moan of the values in column four gives the 
resistance of the wire in ohms. 

287. Factors affecting Resistance 

We can arrive at some useful and important results if in Ex¬ 
periment'67 we replace the conductor if successively by 

(i) diffjsrent lengths (f) of wires of the same material and cross- 
section, 

{%%) equal leitgths of wires of the same material but different 
cross-sectional kreas (.4), and 

{Hi) equal lengths of wires of the same cross-sectional aresj 
but made of different metals, ' 
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If the temperature remains constant we shall find that 

(а) For wires of the same material and cross-section, the resis¬ 
tance is directly proportional to the length, or 

R cc Z, if -4 is constant. 

(б) For wires of the same material and length, the resistance is 
inversely proportional to the cross-section, or 

B cc -4, if Z is constant. 

A 

(c) For wires of the same length and cross-section the resistance 
depends on the material of the wire. 

Combining (a) and (b) we may vrite 

p i 
R-e^ 

The value of p depends on temperature and the nature of the 
material. It is called the resistivity or the specific resistance of the 
material, and is defined as follows : 

The resistivity or specific resistance of a material is the resis¬ 
tance of one centimetre length of the material when the area of 
cross-section is one square centimetre. In other words, it is the 
resistance between the opposite faces of a cube of the material of 
side one centimetre. 

Unit of resistivity. To find a unit in which resistivity may be 
expressed let us remember that 

„ . Z (in cm) 

R (m ohms) = p X ^ 



R (ohm) X A (cm®) 
Z (cm) 


BA , 

—ohm xcm. 


In engineering it is customary to measure Z in feet and A in 
ciresdar mils. (A mil is one-thousandth of an inch.) P is the 
resistance of a mil-foot of the material, i.e., of a wire 1 ft long 
and -001 inch in diameter. 


Silver is the best conductor and copper a close second. The 
following table gives the values of the resistivities of a number 
of metals and allovs. 


Metals 

Specific resistance 


X10*® ohm.cm 

Silver 

1-7 

Copper 

1.8 

Aluminium 

3.2 

Iron 

12 to 20 

Lead 

20.8 

Mercury 

96.8 


Alloys Specific resistance 

X10"® ohm. cm 
Brass 6 to 9 

German Silver 16 to 40 

Manganin 42 to 45 

Eureka 49 

(Constantan) 

Nichrome 110 
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Resistance and temperature. The resistivity of a substance 
varies with the temperature, and increases as the temperature rises. 
The change is about 0-4% per °C in the case of most metals. For 
alloys it is much less. The resistance of manganin changes very 
little with temperature. 

Resistance and other physical conditions. In general resistance 
is little affected by physical conditions other than temperature. 
There are some special cases, however. The resistance of selenium 
(a semi-metallic element) is affected by the intensity of the light 
falling on it. This has made it posible to use selenium cells for 
automatic street-lighting. Resistance diminshes when the 
intensity of light increases. 

In bismuth the resistance is affected by a magnetic field. The 
change in resistance of a bismuth spiral in a magnetic field has 
been utilized for measuring the strength of the field." In stronger 
fields the resistance is higher. 


C,0 

,rii^'ll i'[ 

cr—_i L-j 


G 

0 

L 



288. Resistance Boxes 

A resistance box consists of a number of resistance coils so moun¬ 
ted in a box that a current can be sent through one or more of 
the coils as desired. The ends 
of a coil are connected to two 
brass blocks mounted on a sheet 
of ebonite or vulcanite. The 
blocks {M\ fig. 316) are separated 
from each other, A coil may be 
short-circuited by putting a 
conical brass plug (P) into the 
conical hole {Q) between the 
blocks. The coil (0) is folded on itself and wound round a bobbin 
(B). (Such winding, called a iwri'inductwe winding, minimizes 
the m ignetic field which the coil produces), 

A number of such coils are arranged in r box, as may bo unde".’ 

stood from figs. 316 and 317 



fO S 2 2 t A 

innnnr^ 


10 


The numbers in fig. 317 indi 
cate in ohms the value of the 
resistance of the coil lying bet 
ween the two neighbouring 
brass blocks. A and B are ter- 

_minals where to fasten connec. 

20 SO 100 200 g tjjjg of the circuit.When 

f'ig- 317 a plug is removed the corres¬ 

ponding resistance becomes operative. With the plug in position 
22 


Eonna 

20 20 SO 100 200 R 
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the current passes through the plug and not through the wire 
. which the plug short-circuits. 


289. Resistances in Series and in Parallel 

Resistances are said to be joined in series when they are so 
arranged that the same current passes through all of them. To 

arrange a number of 
R,+Rj+ Rj-- resistances in series, one 

j I I ! t ' second; the other end of 

^ ** »^R 2 —^ the second is connected 

Fig. 318 to one end of the third 


^ ** »^R 2 —^ r^Rg-^ the second is connected 

Fig. 318 to one end of the third 

and so on (Fig. 318). The total resistance of such a set of conduc¬ 
tors is equal to the sum of the resistances of the individual con¬ 
ductors. In fig. 318 the total resistance jB=i 2 ,-l-jRj -l-Rj. 

When two or more resistances provide alternative paths for 
the current, a part of the 
current flowing through each, ly^ Rf 

the resistances are said to be -J—_ 

joined in pazalleL Fig. 319 Rg 

shows three resistances | I 

JBj, and joined in parallel. I R 3 } 

To proceed from AtoBa, cur- ; | 

rent in the main circuit divi- *V *1 

des along these three paths. Fig. 319 


f-Rg-^ 


1^-.-v - *i 

Fig. 319 


Let i,, /a and /g be the currents in the three resistances. If V is 
the potential difference between A and B, we have, from Ohm’s 
law, 

V = IiRf ~ ~ ^ 3^3 

T - V r _ F j _V 

or ’IT' '"p » '*3 'jf 

Ki ilg 

If R is the effective or equivalent resistance between A and B, 
we have, again from Ohm’s law, 

where 1 is the total ourent between A and 
Rut J = Zj +Zg. 

. Z = L+ Z + Y. 

R R, R^^ R^ 

B 


or 
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In words we may say that the reciprocal of the equivalent re¬ 
sistance of a number of conductors in 
parallel is equal to the sum of the 
reciprocals of the component resis¬ 
tances. 

Two resistances in parallel. It is 

easy to show in this case that 

1 _ ^ 1 

JR ' ' 

and since 




Or 



jB, -f- Rg 


■IgRg, 


Ig~R, 

showing that currents in the branches are inversely proportional 
to their resistances. 


Further, since we shall have 


I. 






Ri -\-Ra 


and Ig—Ix 


R^ + Rg 


In the case of two resistances, 1 ohm and 2 ohms, in parallel 
the cquivalant resistance is 2/3 ohm. Note that this value is 
lower than either of the component resistances. This is a general 
result. Wo shall do well to remember that when two or more 
resistances are joined in parallel^ the equivaUnJt resistance is 
lower than the lowest of the component resistances. 


Shnnt. When a resistance is connected in parallel across 
another, the former is said to act as a shunt to the latter. If 
the shunt has a lower resistance than the other, more current 
will flow through the shunt. 


290. Cells in Series and in Parallel 


A set of connected cells is called a lottery. 

Cells are said to be joined in 
^ 1 T *{ l'" ? series if the positive of one is 

{ j I I joined to the negative of the next 

P'*Er -*!*” "EfEa—*! battery are connected in series its 
K £ _»l e.m.f. is the sum of the e.m.rs 

Fig. 321 of the component cells. 

When a number of cells having the same e.m.f are so arranged 
tliat their positive poles are connected together, and so also 
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tho negatives (Fig. 322) they are said to be joined in 
'parallel. Such an arrangement is equivalent to only one cell of 

the same e.m.f. 

When we want to draw a stronger 
current than what a cell can supply, we 
should put two or more of them in paral¬ 
lel. Cells are joined in series when we 
want a higher voltage. Wireless high 
tension batteries consist of about 80 
small dry cells joined in series, and this 
provides an e.m.f. of 120 volts. 

291. Internal Resistance o£ a Cell 

The current flowing in a circuit also flows througli the electrolyte 
in the cell whicli drives the current. Within the cell the current 
flows from the negative electrode to the positive clectrofle. The 
resistance of tho liquid between the electrodes is called tho 
internal resistance of the cell. 

The magnitude of the internal resistance depends on the nature 
of the electrolyte, the distance apart of the electrodes, their size 
and other factors. Some approximate values are given below. 

Leclanche cell 1 to 5 ohms. 

Dry cell 0*1 to 0'5 ohms. 

Danioll cell 0*3 to 16 ohms. 

Load accumulator about 0*01 ohm. 

(medium size) 

NiFe accumulator ,, 

(medium size) 

When cells are joined in series their internal resistances should 
be added together to get the clTcctive internal resistance of the 
battery. 

If n. identical cells are joined in parallel, their internal resistances 
are also in parallel. Hence the effective internal resistance wll 
will be rjn where r i.s the internal resistance of each coll. 

292. Lost Volts or Inner Drop of 
Potential 

Set up a circuit as shown in fig. 323. 

The battery B may consist of two 
Leclanche cells in series. J2 may 
be a resifitanoe of about 10 ohms, 

V is a voltmeter and K, a key. 

When the key is off, a very small. 




Fig. ,322 


Fig. 323 
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Current passes through the voltmeteT. Its reading may bo 
taken to give the e.m.f. of the battery. Note the value 
{E, say). 

Close the key. A current flows through R also. The voltmeter 
gives a lower reading {E', say). 

The reason for this drop is not difficult to find. The e.m.f. of the 
cell drives the current through the external resistance as w'cll as 
the internal resistance. The first reading (E) of the voltmeter 
gave the e.m.f. of the cell. The second reading (E') gave the 
potential difference between the ends of the external resistance. 
E — E' is the potential difforence required to drive the current 
through the cell. This difTerence is called the htit volts or tjie 
inner drop of potential. Its value will be Ir wliore r is the internal 
resistance of the cell and I the current through it. 

We find a similar drop occurs when a current is u.scd at a 
considerable distance from a generator. The voltage at the re¬ 
ceiving eiul of the line is always less tlianihe generator voltage. 
Tlie voltage drop in the line is the product of the current I and 
the resistance R of the line, and is known as IR drop. For house 
supply it should not exceed 2% of the generator voltage. 


293. Ohm^s Law applied ta Simple Circuits 


A circuit in which the same current flows through all the resis¬ 
tances may be called a simple circuit. The cells as well as the 
external resistances are obivously joined in series in a simple 
circuit. 

Let E be the e.m.f. of the battery. R the total resistance of the 
external conductors, r the internal resistance of the battery and I 
the current in the circuit. A potential difference of Ir w'ill be 
required to drive the current through the cell. The balance, i.e., 
E—Ir, will be available for driving the current tJiroiigh the ex¬ 
ternal resistances. But, by Olim’s law, this potential difference 
is equal to IR. 

.-. IR^E-Ir 


or 


or 

Current= 



E. M. F. 

External resistance Internal resistance 


Fig. 324 shows a simple circuit in which three resistances of 
values 6, 2 and 8 ohms {<o is the symbol for ohm) are connected 
in series. There arc four cells, also in series, each of e.m.f. 
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2 voltg, and of negligible internal resistance. Voltmeters 
are shown connected across the battery and the resistances. 

An'^ammeter is in¬ 
cluded in the cricuit. 
(Ammeters have 
negligible resis¬ 
tances). 

The total resis¬ 
tance in the circuit is 
6-f24-8=16 ohms, 
and the current is 
8/16ampere. The 
drops of potential 
across the resistances 
are 3, 1, and 4 volts 
respectively. The 
voltmeter connected 
to the battery will 
show 8 volts. 

Will there bo any 
change in the value 
of the current if the 
Fig. 324 external resistances 

change their positions, but remain in series? 

294. Metre Bridge—^Measurement of Resistance 

Metre bridge. The value of a resistance can be measured with a 
high accuracy by 
means of a metro 
bridge. In its simp¬ 
lest form (Fig. 325) a 
metre bridge has 
three thick strips 
of copper (the shaded 
portions A, B and C 
in the figure) of 
negligible resistance 
mounted on an insu¬ 
lating wooden base. 

They form two gaps, 
one for the insertion of the resistance to be measured, and the 
other for another resistance of known value with which it is 
compared. A straight uniform wire, 1 metre long (whenoethe nam® 
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of the instrument), is stretched between thfe ends of the strips 
A and 0. By the side of the wire is fixed a metre scale. A slider 
(often called a jockey) moves through a groove parallel to the wire. 
With its help contact can be made at any point of the wire. The 
exact position of contact can be read off from the scale. 

Experiment 58. To measure resistance by metre bridge. 

Apparatus’. Metre bridge, Leclanche or storage cell {E), rheostat 
(i?), galvanometer {(?), resistance box, key {K)t connecting wires 
(Fig. 325). 

Method: Connect as shown in fig. 326. r and X are respectively 
the known and unknown resistances. Start by making r equal to 
to 10 ohms. Close the key and slide the jockey until a point of 
contact D is found at which the galvanometer shows no deflec¬ 
tion. D is called the null-point. By adjusting r, bring D as close 
as possible to the middle of the wire. Alter values of r and find 
the null-point corresponding to each, the null-points preferably 
lying within the range 40 to 60 cm. Record data as follow's. 


Serial 

number 

Resistances in the gaps 

Position of 
nuU-point* 

x= 

Left 

Rigid 

1 

rt 

X 

h 

1 1 

r,x{l00-l,)ll. 

2 


X 

h 

r,x(100~ia)/^a 

3 

X 



r^xy{l00-l^) 

4 

X 


h j%xy(ioo-i,) 

1 


• [The zero of the metre scale is assumed to coincide with the 
left end of the wire.] 


The mean of the values in the last column may be taken as the 
value of X. If r is in ohms, X is also in ohms. 

Another set of similar readings may be taken by interchanging 
the connexions at the poles of the cell. 

THEORY OF THE METHOD. When there ia no current through the 
galvanometer points B and D (Fig. 326) are at the same potential.' Let' 
It and/s be the currents along ABC and ADC respectively, p the resistance., 
per cm of the bridge wire, and I the length of wire to the left of D. 

Vab or p.d. between A and B= Vad or p.d. between A and D. 

(Similarly, VbC or p.d. between B and 0<=b Vdc dr p.d. between D and C. 
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8ince the resistances of the strips are negligible, we have 
Vab-=Ii r, Vad~IJp 
VBC— fiX, VoC—Ta {100—l)p. 

Hence /.r—/alp 

and IiX—la (100—l)p 
OTr/X==l/{m-l) 
whence X-=r (100 — l)/l 

If X is in the left gap and r in the right, we can show in the same 
way that X=rl/(\00--l). 


Exercises 

1. State Ohm’s law in words. Also put it in symbols and ex¬ 
plain clearly the meanings of the symbols. 

What are the units in which the quantities involved ir Ohm’s 
law are expressed '{ 

2. Define the ‘true’ ampere, ohm and volt, and also the ‘inter¬ 
national’ ampere, ohm and volt. What is the advantage of the 
latter rlefinitions ? 

3. How does the resistance of a conductor depend on its length, 

diameter and material ? Of two wires of the same material one is 
double as long as the other, and also thrice as thick. What is the 
ratio of their resistances ? (Ans: 2:9.) 

4. What is resistivity ? How is it expressed ? How does it 
depend on temperature ? 

6. State how r distances eitange when they are joined (i) in 
series, {ii) in parallel. 

You are given three resistances of values ], 2 and 3 ohms. Any 
two of them may bo connected either in series or in parulli l. Say 
which pair will have the highest resistance, and which the lowest. 
State also the natuie of the connexion in the pair. 

6. What is a shunt ? A current of 6 amperes flows through a 

resistance of 5 ohms. It is proposed to reduce this current to 
1 ampere by using a shunt. What should be the resistance of 
the shunt ? (Ans : 1-26 ohms.) 

7. A battery consists of three Loclanche cells each of e.m.f. 
1-6 volts and resistance 3 ohms. Find the e.m.f. and internal 
resistance of the battery when the cells are joined {a) in series, 
(6) in parallel, 

[ilrw : (o) 4*6 volts, 9 ohms ; (6) 1-5 volts, 1 ohm.] 
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8. A voltmeter connected to a battery indioatefi its e.ra.f. as 

10 volts. But when the battery drives a current of 2 amperes 
through an external resistance, the voltmeter indicates 9 volts. 
Explain the difference. What is the internal resistance of the 
batteiy ? What is the resistance of the external circuit ? ^ 

(Ans : I ohm; 4| ohm). 

9. Two resistances, 5 ohms and 10 ohms, are in series. A 
potential differ3nco of 150 volts is applied across the two. Find 
the current and also the p.d. across each. 

{Ans : 10 amp ; 50 and 100 volts). 

10. Two resistances, 10 and 20 ohms respectively, are iu paral¬ 
lel. They carry a total current of 6 amperes. What are the current 
and the p.d. across each ? 

{Ar\s ; 4 amperes and 40 volts in the case of the lower resis¬ 
tance ; 2 amperes and 40 volts for the other.) 

11. A potential difference of 80 volts is applied tea circuit 
consisting of a wire of 7 ohms in series with a parallel arrange¬ 
ment of a 4-ohm and ‘y 12-ohm wire Find the current and p.d. 
across each wire. 

(Ans: 7-ohm wire—current ==8 amp, p.d. =56 volts; 4-ohm 

wire—6 amp and 24 volts ; 12-ohm wire—2 amp and 24 volts.) 

12. Three wires of 1, 4 and 5 ohms in parallel carry a total 
current of 14'5 amperes. What is the current in each? What 
is the p.d, across the common terminals ? 

{Ans : 10, 2^ and 2 amp respectively ; 10 volts.) 
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MAGNETIC EFFECTS OF CURRENTS 

* 295. Magnetic Field due to a Straight Current 

In Experiment 53 (§274) we have seen that a conduotor carry¬ 
ing a current produces a magnetic field around it. To find the 
nature of the magnetic field surrounding a straight current (i.e. a' 
current in a straight conductor), bore a liole in a piece of card¬ 
board or glass, fix it in a horizontal position, pass a long, 
straight wire vertically through it and send a current of about 
10 amperes through the wire. Sprinkle iron filings on the board 
and tap gently. The filings will arrange themselves in concentric 




Fig. 326 

circles round the wire and close to it (Fig. 326a). These indicate 
the lines of force in the magnetic field due to the current. 

Place a small magnetic needle close to the wire and note the 
direction in which the N-pole points. This gives the direction 
of the lines of force of the field created by the current. An easy 
way of finding this direction will be to apply what is known as the 
Right banfl thumb rule (Fig. 326b). Close the fingers of the right 
hand around the outstrectched (right) thumb. If the thumb 
points to the direction of current flow th3 direction in which the 
fingers point will give the direction of the field. The same relation 
as also given by Maxwell’s cork-screw rule (Fig. 326 c), which 
may be stated as follows : 

If an observer imagines that a cork-screw is being driven in 
the direction of the current, a north pole, placed in the field, will 
move .in the same direction as the screw is being turned. 

The behaviour of the magnetic needle in Experiment 53 may be 
understood on the basis of any of these rules. The N-pole defl'jots 
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in the direction of the field. Prom fig. 327 it is easy to find how 
the N-pole will be deflected in the cases represented there. 



Fig. 327 

Note that lines of force round a straight current are closed 
circles concentric with the current. Tliey Irave no beginning 
or ending. No free polarity appears anywhere. The conductor 
itself is not magnetized ; it does not attract iron filings. The 
surrounding region becomes a magnetic field. 


298. Magnetic Field due to a Circular Current 

Pass two ends of a stout copper wire through two holes, a 
few inches apart, in a piece of glass or cardboard. Bend the 
wire into a circular form 
(Fig. 328) and pass a strong 
current (about 10 amp.) 
through it. Sprinkle iron fil¬ 
ings on the board and tap 
gently. The filings align 
themselves in the direction 
of the resultant magnetic 
field due to the coil and the 
earth. Near the wires the 328 

lines of force are circular. If the plane of the coil is per¬ 
pendicular to the magnetic meridian, the lines at the centre 
will be normal to the plane of the circle. 

The direction of the field at the centre of the coil or at any other 
, , ^ place may be obtained from the right hand 




thumb rule. 

397. Circular Current and Circular ’ 
Magnetic Shell 

A sheet of magnetic material magnetized 
perpendicular to its faces is called a magnetic 


shell. Fig. 329 shows a circular magnetic 


Fig. 120 
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shell and its lines of force. The shell has north polarity on one 
face and south polarity on the other, A comparison of the lines 
of force due to this shell and to the circular coil will show that 
they are similar. A circular coil carrying a current behaves like a 

magnetic slioll. The two 
faces of the coil have 
opposite polarities. The 
following rules giN-es the 
polarity on a facn* : 

If, looking at one. face of 
the coil, the current appears 
to flow anticlockwise, th^, face 
v)ill have north polarity ; if 
clockwise, the face will have 

De la Rive’s experiment. An interesting demonstration of 
the magnetic behaviour of a coil carry¬ 
ing a current is duo to de la Uive. The 
ends of a small coil of several turns of 
insulated copper wire are soldered to a 
strip of copper and zinc respectively. The 
strips pass through a large cork which is 
floated in dilute sulphuric acid (Fig. 331). { 

A current passes through the coil from 
copper to zinc. 

If now the N-pole of a magnet is Fig. 331 

presented to the face of the coil in which the current appears to 
flow anticlcckwiso, the coil is repelled. When the soutli pole is 
so'presented, there is atti-action. 

Left to itself the coil sets with its plane perpendicular to the 
magnetic meridian. On looking at its north face the current 
appears to flow anticlockwise. 

Each turn of the coil behaves like a magnetic shell. The effect 
of having several turns is to increase the effect. The entire coil 
behaves as a bar magnet with a short axis in the direction of the 
axis of the coil, 

298. Magnetic Field due to a Solenoid 

A coil of many turns of wire wound closely on a cylinder is 
called a solenoid. (The flow of current is everywhere perpendi¬ 
cular to the axis of the cylinder.) 

To investigate the magnetic field due to a solenoid, cut three 
sides of a rectangle in the middle of a cardboard and pass the 





MAGNETIC EFFECTS OF CURRENTS 


349 


free end of the strip, so secured 
Sprinkle iron filings on the’ 
through the solenoid and tap 
the board gently. It will be 
observed that 

(i) the lines of force outside 
the solenoid are similar to 
those of a bar magnet, and 

(m) inside the solenoid the 
lines are crowded together in 
a direction parallel to the axis. 

Fig. 333 shows the lines due 


through the solenoid (Fig. 332). 
board, pass a strong current 



Fig. 332 

to a solenoifl and a bar magnet 



side by side. To sliow clearly the field inside the solenoid, its 
turns have been shown mu(?h separated in the diagram. 

It is clear that a soleiioid is equivalent to a number of coils 
arranged coaxially and behaves like a bar magnet. When floated 
on cork as in de la Rive’s experiment, it shows a more pronounced 
effect. The polarity is given by the same law as for a circular 
current. 


299. Electromagnets 

The discovery of electromagnets is credited to William Sturgeon 
who, five years after Oersted’s discovery, filled the interior of a 
solenoid with soft iron and produced a powerful magnet. 

Whenever a bar of soft iron is inserted in a solenoid through 
which a current is passing, the bar becomes strongly magnetized 
by the field within the solenoid. The combination of the soft 
iron bar and the solenoid is called an electromagnet. The polarity 
of the electromagnet is determined by that of the solenoid. If, 
on looking at one end of tlio solenoid the current in it appears to 
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flow anticlockwise, this end of the electromagnet will have north 
polarity. Also see § 226. 

The strength of an electromagnet depends on the current 
through the solenoid and the total number of turns in it. This 
product is called ampere-turns. The strength cannot, however, be 
increased beyond a certain value depending on the quality of 
iron. 

300. Electric Bell 

The electric bell provides a simple application of the electro¬ 
magnet. Its construction and mode of action are described below. 

In fig. 334, M is an electromagnet which is excited by a cur¬ 
rent from a battery. The current flows 
through the coil surrounding M when the 
button of the switch in the battery circuit 
is pressed. CS is a spring which is 
normally in metallic contact with an 
adjustable screw B. Attached to C8 
there is a piece of soft iron A which is 
attracted towards M when the current 
passes. As A is drawn towards M the 
contact between C8 and B breaks and the 
current stops. As the magnet is no longer 
excited, GS flies back to its position and 
starts the current again. M is again ex¬ 
cited, draws A away and breaks the 
is repeated so long as the button of the 
switch remains pressed. Attached to CS there is a hammer H 
which strikes the gong Q and continues to do so until the button 
is released. 

Sparking occurs between B and its point of contact with C8 
when the circuit breaks there. To minimize its effect B may be 
provided with a platinum point and 08 with a platinum stud at 
the point of contact, 

801. The Telegraph 

The electromagnet found an early and important application 
in the telegraph. In its simplest form a telegraph equipment 
consists of: 

(i) A circiliir* which is a line of wire connecting two stations. 
The earth provides the return path. 

' (ii) A battery to supply the current for flow along the line. 
The current is interrupted, the interruptions making up the code 
of the message, 





Fig. 3.34 

circuit. The process 
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' (Hi) A key or transiuiiter for opening and closing the circuit at 
the transmitting end. 

(iw) A sounder or receiver at the receiving end. It responds to 
the interrupted current. 

(v) Relays, for work on long telegraph lines. 

The key or transmitter is a simple 
contaet breaker so designed that it can 
be moved several hundred times a 
minute. The way it is connected with the 
battery and the circuit is showm in 
fig. 336. When the knob K of the key 
is depressed the terminal P of the 
battery is connected with the lino L. 

A current flows through the line, the 
return path is provided by the earth to 
which one pole of the battery is 

The sounder or receiver has an elec¬ 
tromagnet M (Fig. 336). When the line- 
current passes through its coils, it at¬ 
tracts a soft iron armature A and brings 
the end C of a lever sharply against a 
stop E. When there is no line current 
the spring 8 drives C against the stop D. 

The sounder responds to the inter¬ 
rupted current coming from the trans¬ 
mission end. When the key of the transmitter is depressed, the 
armature of the receiver is also depressed. When the former is 
released the latter is released too. 

When a short duration current passes through M, C strikes 
against E and D in quick succession and produces two sharp 
clicks separated by a small interval. For a current of longer 
duration, the interval between the clicks is longer. The short 
signals are called dots and the longer ones, dashes. The letters of 
the alphabet are made up by a combination of dots and dashes 
according to an accepted code. The one devised in 1837 by the 
American inventor, Samuel Morse, is widely used. 

Fig. 337 shows a simple telegraph circuit with a transmitter and 
receiver. It can send a message in one direction only. 

The Relay. In long telegrajih lines the current is so weakened 
by the resistance of the line and by leakage that it becomes too 
weak to operate the eouuder. Ju such a case the weak current is 


connected. 


B 




A ■- J| 


M 
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Fig. 336 
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mado to bring into operation a local current strong enough to 




Fig. 337 


work the sounder. A device used for such a purpose is called a 
relay. 

The electromagnetic relay is very nearly the same in cons- 



RELAY 



truction as a sounder. Its electromag¬ 
net M (Fig. 338) is strong enough to pull 
the armature A even when the current 
is feeble. When the lever strikes the 
stop E a local battery circuit is 
closed and the electromagnet in the 


Fig. 338 sounder is excited. 


302. Moving Magnet Galvanometeis 

A galvanomeAer is an instrument for detecting and measuring 
small currents. When it is modified so as directly to read the 
value of a current it is called an ammeter. 

In one type of galvanometer there is a fixed coil consisting of 
a number of turns of insulated copper wire 
through whi(5h the current to be detected 
passes (Fig. 339). The plane of the coil is 
in the magnetic meridian. A small magneti¬ 
zed needle is pivoted or suspended at the 
centre of the coil. The needle is acted 
upon by two magnetic fields—one due to the 
coil which deflects the needle and tends to 
set it at right angles to the coil, and the Fig. 339 

other due to the earth’s field which tends to restore it to its 
position. Obviously, the larger the current the larger the 
deflection. 

This type of galvanometer is known as the moving magnet 
type. A tangerU galvanometer is one of this type. Its coils are 
circular. 



303. Mechanical Force on a Current in a Magnetic Field 
Faraday’s experiment. Faraday was the first to show that a 
mechanical force aeted on a wire carrying a current 
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when tlie wire was placed in fi magnetic field. In his experiment, 
a conductor was suspended at its upper end from a hook e.nd dip¬ 
ped at its lower end into a trough of mtTciiry (Fig. 

340). One pole of a strong bar magnet projected a 
little through the mercury. When a current 
passed through the conductor it rotated continuously 
around the magnet. If the c\nTeut moved down¬ 
wards, then looking in the direction of the current 
from above, the conductor would appear to m(»vo 
clockwise around a north pole. On reversing tlie 
current or tlie polarity of the maguel, the sense of 
rotation was also reversed. Faraday’s exnerinient 
was the forerunner of the modern cleclrie motor. 

Fleming’s left-hand rule. The direction of i!ie 
mo(!hanical force on tlie. conductor is given by 
Fleming’s left-hand rule Ft may be 

follows : 

Slretch the thmnh. forefinyer and 
middU finger c/ the left-hand at right 
anglesi* If the Forefinger points to the 
direction of the magn^iic Field and the 
middle finger to the direction of the 
current (/), the thuMh will give the 
direction of the force on the conductor 
{hence of the Moiim) (Fig. 341). 

Magnitude of the force. If the <!urrcnt fiows perpcndicnlar to 
the magnetic field, the force on a conductor of length L cm will 
be HILjlO dynes where II is the strength of the field in oersteds 
and I, the current through it in amperes. The force is zero when 
the current and the field are pRivalkd. In. general, when the 
angle between them is wC, the forces is IIIL sii> c< /lO. 

Barlow’s wheel. A common, laboratory (‘xperiment to demon¬ 
strate the mechanical force on a unvnt ir' a magnetic 
field is known as Barlow’s 
wheel experiment. A 
small copper wheel, cap¬ 
able of easy rotation 
about an axis, through its 
centre, is mounted bet- 
tween the poles of a strong 
horseshoe magnet (Fig. 

342). Its rim dips into 

• Try supporting a dish on these three fingers 

23 




Fig. 342 
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a small trough of mercury, which is connected to one pole of a 
battery. The other pole is connected to the centre of the wheel 
through its axis. The current, therefore, flows. radially along 
the spokes. 

When the current flows the wheel rotates continuously. The 
direction of the force on a spoke which carries the current from the 
axis to the rim can be found with the help of Fleming’s left-hand 
rule. In the sot up represented in fig. 342 the w'heel will be 
found to rotate in an anticlockwise directon when viewed from 
the side of the N-pole. Reversing the current or the poles of the 
magnet will reverse the sense of rotation. 

To obtain the best effect the lines of force of the magnetic 
field should be perpendicular to the plane of the copper 
wheel. 

The wheel may bo a solid disc. Sometimes the disc is made in 
the shape of a star. 


304. The Electric Motor 

Principle. An electric motor is a macbiiio which converts elec¬ 
trical energy into mechanical energy. Its principle is illustrated 

in fig. .343. A loop A BCD of 
wire carrying a current is 
placed ill a magnetic field 
as shown. An application 
of Fleming’s left-hand rule 
shows that AB will be 
urged upwards and CD 
downwards by the mecha¬ 
nical forces acting on 
them due to the ra^ignc- 
tic field. If the loop is free 
to turn about an axis 
through its centre parallel 
to AB, it will rotate until it is just midway between the 
poles. While in this position the current through it is reversed 
in direction by means of sliding contacts and a split ring 
commutator. This reverses the direction of the forces on A B and 
CD. j4jB is now urged downwards and CD upwards. The loop 
therefore rotates through another half-turn. The sliding contact 
and commutator arrangement reverses the current through 
the coil at every half turn. This keeps the loop rotating 
CQntinuousl;Jr, 



Fig. 343 
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Constniction. The construction of a simple commercial motor is 
illustrated in fig. 344. Several separate loops of wire are mounted 
at different angles on a 
drum, the ends of each 
loop being connected to 
two small copper bars 
insulated from each 
other and arranged in 
a ring called the commu¬ 
tator. The drum (with 
the coils), and the com¬ 
mutator are mounted 
on a shaft which rotates 
on smooth bearing in 
the field of an electro- 
magent. The rotating 
part is called the arrm- 
ture. The current from 
a source is fed into the 
coils through ‘brushes’ 



Fig. 344 

1—Conductors; 2—Drum armature; 3—Brushes; 
4—Poles of electro-magnet; S—Field coils; 
6 -Commutator bars. 


--- - • ^ 

The arrangement is such that all conductors opposite one pole are 

urged upwards, and those against the other pole are urged down¬ 
wards. The source that supplies current to the coils also excites 
the electromagnet by sending a current through the field coils. The 
drum is made of laminated sheets of iron insulated from each other. 
305. Moving Coil Instruments—Ammeters and Voltmeters 
We have seen in connexion with the electric motor that a loop 
of wire carrying a current tends to rotate when placed in a magne¬ 
tic field. Many electrical mea-’ 
suring instruments, such as 
ammeters, voltmeters and 
galvanoneters, depend for 
their action on this effect. 
They are called moving coil 
instruments. The instru¬ 
ments are, however, much 
more delicate in construction 
th-in the motor, and the 
motion of the loop of wire is 
restricted by springs, as in 
commercial ammeters and 
voltmeters, or by the twist of 
the wire which supports 



the loop as in galvanometers; 
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Ammeters and Voltmeters. In commercial ammeters and 
voltmeters (Figs. 345 and 346), a coil C of fine wire is mounted 
between the two poles N, S of a permanent magnet M and its 
motion is restrained by one or more delicate springs (8^). The 
further the coil moves from its position of rest the greater the 
restoring force exerted on it by the springs. A • long pointer P 
attached to the coil moves over a scale graduated in amperes 
or volts as the case may be. The larger the current through the 
coil the greater its rotation. 

An ammeter is connected in series with the conductor the 

current through which it wants to 
measure (Fig. 347). Ammeters 
must have a low resistance so that 
its insertion in a circuit may 
not materially alter the current. 
Mo st ammeters have a low resis¬ 
tance, called a shunt, connected 
across its coil as shown in fig. 
345. By altering the value of the 
shunt the same instrument can be 



Fig. 346 used over different ranges. 

A voltmeter is connected in parallel with the conductor 
the difference in potential 
between the terminals of 
which it wants to measure 
(Fig. 347). A voltmeter must 
have a high resistance. 

It must not draw a largo 
current from the circuit. 

Unless the current through 
the voltmeter is small, its Fig. 347 

introduction in the circuit will materially alter the potential 
difference intended to be measured. To give a voltmeter a high 
resistance, a series resistance R (Fig. 346) is connected with 
the coil. By altering the value of 1? the same instrument may 
be used over different ranges. 

In both instruments the positive (-f-) terminal must he connected 
to the positive (f) side of the circuit. 


AMMETER 



306. Effect of Current on Current 

A conductor carrying a current produces a magnetic field 
around it. Also, a mechanical force acts on a conductor carrying 
a current when the latter is placed in a magnetic field. B[ence, if 
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two conductors, each carrying a current, are placed near each 
other, one will exert a force (»n the other. 

The following results can bo derived from experiment, or from 
Fleming’s left-hand rule: 

(i) Currents flowing in the same direction in parallel wires 
attract each other. 

(ii) Currents flowing in 
oppo.site directions in i)aTal- 
lel wires repel each other. 

(in) Currents moving to- 
■wards or away from a 
point attract each other. 

(iv) When one current 
moves towards a point 
and the other aAvay from 
it, a repulsion ocscurs bet- 
w'een the two. 

The results arc represented 
in fig. 348. 

Rogeirs vibrating spiral. A striking demonstratioii of the .at¬ 
traction bet^veen parallel currents is provided by Roget’s vibrating 
spiral (Fig. 349). It consists of a long coil of copper wire, a few^ 
centimetres i n diiimeter. The upper end is fixed and connected to a 
binding screw. The lo-wer end, w'hich termina¬ 
tes in a metal ball, just touches tlie mercury 
in a cup. When a current is passed through 
the coil, it flows in parallel directions through 
successive turns. Each turn, therefore, attracts 
the otlior. The coil shortens as a result, and 
the circuit breaks. With it the attraction 
ceases. The coil regains its length and 
establishes the current on touching the mer¬ 
cury. Contraction and expansion of the coil 
Fig. 349 succeed each other and the spiral goes on 

vibrating so long as the current passes. 

Each turn of the coil may also be looked upon as a magnetic 
shell with opposite polarities on two sides. The neighbouring 
faces of two adjacent shells will have opposite polarities. Each 
will, therforo, attract the other. 

Exercises 

1. How would you demonstrate to a class that an electric current 
produces a magnetic field around it? 
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State the lawiS connecting the directions of the magnetic field 
and the current. 

Dogs the conductor carrying the current behave as a magnet 
and attract iron filings? 

2. Draw diagrams showing the similarity between the magnetic 
fields produced by a circular current and a magnetic shell. State 
the law determining the polarity of a circular current. 

Describe a simple experiment to show that a solenoidal current 
is equivalent to a bar magnet. 

3. What is an electromagnet? What is meant by ampere^furvs ? 
Can the strength of an electromagnet be increased as much as we 
like? Should the coils round the two limbs of a U-shaped electro¬ 
magnet be wound in the same way? Why? 

4. Draw a neat sketch of an electric bell and label the parts. 

Explain how the make-and-break arrangement acts. 

6. Briefly describe the action of a telegraphic transmitter and 
receiver. 

What is transmitted along the line? 

What is a relay? How does it act? 

6. How can you show that a mechanical force acts on a current 
in a magnetic field? State Fleming’s left-hand rule in this 
connexion. 

What will be the force if the current and magnetic field are 
parallel ? 

7. Draw a simple diagram to illustrate the action of an electric 
motor. What part does the commutator play in its action? 

8. For what purposes are ammeters and voltmeters used? 
Show by means of a diagram how they are connected to a circuit. 

Why should the ammeter have a low resistance and the volt¬ 
meter, a high resistance?* If both have moving coils of the same 
kind, how are the two made to have very different resistances? 

9. What kinds of action can take place between currents in 
parallel wires ? Explain the action of Roget’s vibrating spiral. 
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HEATING EFFECT OF CURRENTS 

307. Joule’s Law oi Heating 

The flow of an electric current through a conductor always 
produces heat. The law relating to the heating effect of currents 
was experimentally investigated by Joule, who found that tlie 
heat generated by a current flowing through a conductor is pro¬ 
portional to (i) the square of the current, (ii) the resistance o! the 
conductor and (iii) the time for which the current flows. This 
statement is known as Joule’s law of heating. 

Experiment show's that the passage of a current of I amperes 
through a resistance of R ohms for time t seconds Vill generate 
H calories of heat, wliere 

H='24PRL 

If V is the potential difference in volts between the terminals 
of the resistance, V~-IR. We may, theiefore, write 

H =-24 PRt '24 FH -24 F“ tj R (307'1) 

308. Experimental Verification of Joule’s Law 

Joule’s law can be verified by immersing a coil of known 
resistance in a non¬ 
conducting liquid of know'n 
specific heat contained in a 
calorimeter, and sending a 
current through it. Fig. 

350 shows the experimental 
arrangement. R is a battery 
which drives a current 
through the coil R of known 
resistance immersed in 
water in a calorimeter. The 
rheostat r controls the 
value of the current. This 
value can be read off from 
the ammeter A connected 
in series with R. F is a 
voltmeter connected in parallel with R. It gives the potential 
difference between the ends of R. The thennometer T gives the 
temperature of the liquid. K a, key which starts or stops the 
current as necessary. 
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(i) To verify the law of currents. To show that the heat deve¬ 
loped in R by a current I flowing tlirough it is proportional to 

when R and t are constant, wc proceed as follows : 

Note the initial temperature of water. Send a current tlirough 
it and stir the liquid briskly. Stop the current, saj^ after five 
minutes. Note the final temperature. During this period the 
current sliould bo kept constant by adjusting the rheostat, if 
necessary. Tlio value of the current is noted from the ammeter, 
and the time, from a stop-watch. 

If W is the water-cquivalont of the calorimeter and its 
contents, and 0 the temperature rise, then the heat developed 
is W 0. 

AIIoav the calorimeter and its contents to cool to the room 
temperature. Increase the current by about 10% and repeat, 
taking care that the. current flows for exactly the same time as 
before. Note tlie rise of temperature. If tlie two cases are dis¬ 
tinguished by subscripts I and 2. it n ill be found that 

//, _ W@, _ 0 , 

y/,-1V0, 0," V 

(ii) To verify the law of time. Keep tne current the same, hut 
alter the time of flow. It will be seen that 

0," /g 

(iii) To verify the law of resistance, in the t^vo sets of observa¬ 
tions use two coils of different resistances, say, R^ and /ig. Keep/ 
and t the same in both experiments. It will be found that 

H, _ 0, R, 

//g - 0g ■ R^ 

The ratio of the voltmeter reading to the ammeter reading 
may be taken to give the value of R. 

309. Determination of the Mechanical Equivalent of Heat 

Electricity, in moving from a place of higher potential to a 
place of lower potential, does work. When a current oil amperes 
flows through a conductor of resistance R ohms for t seconds, 
the charge transported is / xt—Q coulombs. Betwe.cn the ends of 
the conductor the potential difference is lx JR— V volts. The 
total work done is, therefore, VQ joules (See § 267). 

This work appears as heat in the conductor. Let H calories of 
heat be generated in this ivay. The mechanical equivalent of 
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heat, J, IB the .amount of work that must be clone to produce 
1 calorie of heat. From the above wo shall have 

HJ^VQ 

V_Q Vlt_rjit. (joules). 

/i Tcaloriesj 

Coraparinff this relation with Eq. 307.1 we firul that the cons¬ 
tant -24 in that equation is the reciprocal of J. J has the value 
4'2 joules per calorie. (Also see § 139). With the arrangement 
desoriberl in § 308 it is easy to find tiie value of J after measur¬ 
ing I, R, t and H. Electrical motliod of measuring J is one of the 
most accur.ate. 


Example. In an actual experiment for the determination of *7, 
the following values were observed : F “76 0 volts, I ==1.20 amp, 
<-=525 sec, water-equivalent of calorimeter and contents =1080 
gm, rise of temperature = 10-5 "C. To find J. 

Solution. The work done = F/<-76X 1-2x525 =-4-788 xKH 
joules. 

Heat developed -1080 X 10-5 =1 134 x 10^ calories. 


.7 = 


Work 4 788 xKH joules 


Heat 


... . 4.02 ionics ncr calorie 
'1-134x104 calories" ^ ® ^ eaionc. 


310. Units of Electrical Power and Electrical Energy 

Unit of electrical power. Power has been defined as work done 
jicr unit timt‘ ( § 70 ). Tf 7 is the cui-rent in amperes flowing 
tlirough any portion of an electrical circuit, and V is the voltage 
(potential difference in volts) aiuoss the portion of the circuit, the 
power or the rato at which energy is being dissipated in the por¬ 
tion of tlie circuit is equal to F7 watts. 

Tlie watt is the power or the energy expended per seoend when 
a current of one ampere flows under a potential difference of one 
volt. 

Watts—Volts X Amperes 

1 kilowatt (kw) = 1,000 watts. 

Unit of electrical energy. Since power X time=work, an agent 
delivering a power P continuously for time t does a total amount 
of work equal to the product of P and t. This leads to the defini¬ 
tion of various units of electrical w'ork or energy. 

When the power is one watt, the energy delivered or consum¬ 
ed in one second is one jonle. 

Joules=Watts x Seconds. 
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Tho energy delivered or consumed in one hour when the power 
is one watt, is called a Watt^hour. 

Watt-Jw'urs -- Watts x hours 

1 watt-]iour= 1 watt x 1 hour = l watt x 3600 sec 

:-3600 joules. 

A still larger unit of electrical energy has been chosen cs the 
legal unit by tlie Board of Trade for commercial purposes. It is 
called the kilowatt-hour (kwli) or the Board of Trade Unit (B.O.T. 
unit) and is equal to 1000 watt-hours. It is thus the electrical 
energy supplied to an eUctricxd circuit in one hour when the power 
in it is one kilou'att. 

^ Watt-hours volts x amperes x hours 

- --j - 

When power is expended in overcoming a resistance R, its 
value is RP. It degrades into lieat and is known as RP loss. 

Example. A street cable has a resistance of '05 ohm and (Jarries 
a current of 100 amperes. Find in kiloAvatt-hours the energy lost 
in it as heat in 24 hours. 

watt-hours 

1,000 

__volts Xamperes xhoiirs ( 05 X100) X100 X24 

1,000 "" 1 , 000 ' 


Solution : Number of kilowatt-hours — 


--=12 


311. Some Applications of the Heating Effect of Currents 

Applications of Joulo heating are too many to enumerate. 
We shall consider oidy a few. 

A. Electric heaters. Such diverse household appliances as the 
electric kettle, electric iron, toaster, coffee percolator, electric 
oven, radiator etc. may be included under this general head. All 
these heating devices contain heating coils, usually made of 
wires or strips of nichrome (an alloy of 60% nickel, 24% iron and 
16% chromium) which has a high specific resistance and can be 
raised to a red heat and maintained there for a long time without 
damage to the wire. The coils are wound on mica or fire-clay, 
which is not only electrically insulating but can also withstand 
heat. 

Each appliance is meant for use at a fixed voltage, which must 
be a dh ered to. This voltage and the power of the appliance at 
this voltage are imprinted on it. The stamp ‘220-volt, 500-watt’ 
on a heater means that it should be used on 220 volt lines, and 
when so used it will consume power at the rate of 500 watts. The 
current it will draw at the marked voltage will be 600/220=2'27 
amperes nearly. Its resistance is 220/2'27 ohms. 
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B. Fuses. The current in a circuit may rise to enormous values 
when its opposite terminals are brought together or are connected 
by a low resistance through carelessness or accident. When this 
takes place, excessive heating is produced in the circuit causing 
damage to it or any machine or appliance which it may include. 
To guard against an emergency of this kind a simple device, 
called a fuse, is connected to the circuit in series. It is a short 
length of wire or a strip of suitable material and dimensions wJiich 
melts and breaks the circuit if the current through it exceeds a 
predetermined value. A ‘5 ampere fuse’ is one which melts and 
breaks the circuit when the current in the fuse exceeds 
5 amperes.* 

Fuses are always fixerl in supports of fire proof material, usually 
glazed porcelain. Tin, lead, an alloy of tin and lead, strip zinc, 
copper and aluminium are some of the materials used for fuses. 
For fuses of a given material, the thinner it is the smaller the 
current required to melt it. 

C. Electric furnaces. Temperatures of 1,000°C or more can be 
reached in electric furnaces. The tjurrent is sent through a 
nichrome or platinum wire wound round a heat-resistant, 
non-conducting tube, and lagged on the outside with a thick layer 
of heat-insulating material. Hardening, annealing and enamelling 
are often done in such furnaces. 

In some industrial electric furnaces the current is sent through 
the materials to be reacted, e.g., in tlie manufacture of calcium 
carbide, carborundum, calcium cyanamide (a fertilizer), extrac¬ 
tion of zinc, manufacture of special alloy steels containing tungsten 
or molybdenum etc. 

D. Welding. In resistance welding, the two metals to be welded 
are clamped together and a very strong current passed through 
them across the surface of contact. The junction, which is prac¬ 
tically the seat of the resistance, is raised to white heat by the 
current. The metals then join under pressure. 

In spot welding the overlapping metals are clamped into close 
contact, a metal electrode pressed against each side and a heavy 
current passed from one electrode to the other. The heat produced 
causes the plates to join along the line of the electrodes. 

E. Electric filament lamps. As the current through a wire 
increases, the wire gets hotter. At about 550°C it emits a dull red 

** It is not practicable to design a fuse which will break a circuit on a very 
small overload. There is a fairly wide margin betwc<^n the current a fuse will 
safely carry and the one that will melt it. 



364 


ELICTEICITY 


light. The colour passes through bright cherry at lOOO^C' to bright 
orange at 1200°(7 and white iit 1300'’(7. At 1500°(7 and above the 
colour is dazzlins; white. The higher the temperature the more 
and the brighter the ligl)t emitted. 

In the modern electric filament lamp there is an exceedingly 
fine wire of motallio tungsten heated to a temperature of over 
2000°C' by an electric current. There are two main types, vh., 
(i) the vacuum lamp and (ii) the gas-filhd lamp. The bulb of the 
former is evacuated. The running temperatui c is about 2100°C'. 
This type is becoming obsolete. The gasfilled lamp contains argon 
with a little nitrogen at a pressure of about three-fourths of an 
atraofiphore at the room temperature. The running temperature 
is about 2700°(7. Cooling of the filament is reduced to negligible 
proportions by winding the filament into a fine spiral. The length 
of the spiral is less than one tenth of the total length of the wire. 
The spiral is suspended from radial arms in a horizontal plane. 
In the coiled-coil filament, the single spiral is itself coiled into a 
second spiral. It gives about J5 to 20 per cent more light for the 
same power consumption. 

luminous efficiency of a lamp if- tins ratio of its candle 
p"ower to the watts it absorbs. For a coilefl-coillamp it is about 2 
candles per watt. The lamps arc rated in rvattf. The voltage at 
which a lamp is designed to operate is -olso specified on it. 
A ‘60-watt, 220-volt' lamp will give about 100 c.p. when operated 
at 220 volts. At 110-voltsit will give no light. A 110-volt lamp con- 
neotod to 220-volt mains will burn out. The life of a lamp operated 



Fig. 351 


at the specified voltage 
is about 1000 hours. 

Emission of light is 
sensitive to changes of 
voltage. An increase 
of 5% in the voltage 
will increase the 
emission of light by 
abo ut 25 %. Continued 
operation at a'voltage 
higher than the one 
spooified, will reduce 
the life of a lamp. 


312. Indoor Wiring of Buildings 

It is useful to have an idea of the indoor wiring of a small 
building. Fig. 361 represents a simple arrangement. DD 
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i're the street distribution mains from which service mains 
pass into the house. Fuses CMF, known as company’s 
main fuse, are placed on sevice mains. The mains arc then 
led into the supply meter 8M which record.^ the energy con¬ 
sumed in the household. TMFh the tenant’s main fuse, and 
ilfiS the main switch. Jlf/) jE? is the main distribution board. From 
it cables run to the different floors, fuses F being inserted as 
shown (one for each cable). The diagram shows only two circuits 
from the main distribution board. There may be more; but all 
are connected in the same way as those shown. The lamps or 
other electrical appliances, such as fiins etc., are connected in 
parallel between the mains. Each, lamp {L) is controlled by a 
switch {S). 

313. Worked Examples 

(1) A household uses four 60-watt lamps and five 40-watt 
lamps for 5 hours a day. Find the cost of lighting in a month 
of 30 days if electric energy is charg 'd 18 nP per B.O.T. unit. 
What is the maximum current drawn if the supply is at 220 
volts ? 

Solution : Total power —4 x 60 + 5 x 40 —440 watts. 

Energy consumed in a day —440x5 watt-hours 

month —440x5x30 ,, 

r^66000 watt-hours—66 kwh or B.O.T. units. 

Cost =66x18 nP-- Rs 11.88. 

Maximum currcnt=Watts/Volts—440/220=2 amj). 

(2) A household uses two fans of watt.'ige 110 each, one fan of 
wattage 60 and lamps of total watt->.gc 380. The main fu.se is one 
of 5 amp. The main voltage is 220. The tenant wants to use an 
olcctrio stove of wattage 750. Will it bo safe to use the stove when 
all the fans emd lights are running ? 

Solution : Total wattage of fans and lights 
=110 + 110 1 60 4 380=660. 

Current drawn when thc^so run together—660/220=3 amp. 

Current drawn by the stove =750/220=3.4 amp nearly. 

Total current when all run together =3-1'3.4=6.4 amp. 

Since the main fuse is one of 5 amp, it will be unwise to 
operate the stove along with the re.st. 

314. Thenuocouple 

When two dissimilar metals are connected together to form a 
closed circuit arid one of the junctions maintained at a higher 
temperature than tho other, a current fllows round the circuit, 
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Such a device is known as a thermocouple. If the metals are 
copper and iron, the current will flow from the copper to the 

iron across the hot junction 
(Fig. 352). 

H The insertion of a third 
metal in the circuit will not 
alter the e.m.f. acting round 
the circuit if both junctions of 
^*8' the third metal are at the same 

temperature. This makes it 
possible to connect (Fig. 353) 
measuring devices, such as 
voltmeters, galvanometers etc. 
with the thermocouple without 
affecting its e.m.f. 

The junctions of the metals 
are the seat of the e.m.f., though 
a very small part is contributed by the temperature gradient along 
the metals. The e.m.f. is always directed across a junction from 
one metal to the other. This e.m!f. depends on the temperature 
and generally increases w'ith the latter. 

When one junction of a thermocouple is kept at a constant 
temperature, say, that of melting ice, and the otlicr gradually 
heated, the e.m.f. acting round the circuit increases. The rela¬ 
tion between e.m.f. e and the difference t between the tempera¬ 
tures of the junctions is given b; 

e — 

where a and b are constants for a given thermocouple. They can 
bo found by me-asuring e for two known values of t. 

Thermocouples are used extensively for the measurement of 
temperature. Different couples are useful over different ranges. 


Thermocouple 

1 Range 

Copper—^Constantan (60 Cu, 40 Ni) 

~m°c 

to 

SOO^’C 

Iron—Constantan 

-lOO^’C 

to 

800°0 

Chromel (lOCr, 90 Ni)—^Alumel (98 Al, 




2 Ni) 

O^C 

to 

llOO^C 

Platinum—^Platinrhodium (90 Pt, lORh) 

m^c 

to 

leoo^c. 


Direct reading thermoelectric thermometers (i.e. thermo¬ 
couples) are used in industry for measuring temperatures of 
furnaces etc. Since a thermocouple can be made of very fine wires, 
the heat capacity of the junction will be very smhll. Such thermo- 
couples can be used to measure temperatures of very small bodies, 
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A thermocouple may be looked \ipon as a heat engine which 
converts heat energy into electrical energy. 


y 


Exercises 

1. State Joule’s law of heating and describe experiments to 
verify it. 

2. How can the mechanical equivalent of heat be determined 
by electrical means ? 

3 . l^efino the following : 

Joule, Watt, Watt-hour, Kilowatt-hour. B.O.T. unit. 

A current of 10 amperes passes through a resistance of 20 ohms 
for 5 min. Fin<l the power wasted as heat and also the total heat 
developed. : 2 kw; 1.43x10^ cal.) 

4. Mention some useful applicatirms of the lieating effect of 
eurrents for (a) domestic and (6) indii.slrial purposes. 

■^hat is a fuse ? How does it act ? 


5. 


(liv'e a short description of tlie modern electric filament 
lamp. What do you understand by the following i 
(a) A 220-volt, 100-watt lamp. 

(&) The efficiency of a lamp is two candles per watt, 
coiled-coil lamp. 

6 . A.current of 3 5 amp. flow.s for 10 min. th.rough a coil of 

resistance 0.75 ohm. It is immersed in 200 gm. ol water initially 
at 30"(7. If all tlie heat is absorbed by the water, what will be the 
final tem^rature ( (Ans : 30-6 °6’.) 

7 . An 800-watt electric kettle has a)i efficiency of 80%. How 

long will it take to heat 1 kg of uaterfrom 30to ]00°C1 
J =4*2 joules per calorie. : 7.7 min nearly.) 

8 . *'1^at is the current drawn by a lamp rated at 230-volts, 60- 

watts ? What is its resistance in use ? Fii d tlie cost of using tin's 
lamp for a month of 30 days at 4 lioiirs a day when, cdectricity 
costs 25 nP per unit. *26 amj); 882 olimsnejTly; lls. 1 SO,) 

9 . Two lamps of resistances 500 and 200 olims are connected 
across TOO-volt mains. Which would glow' more brightly ? Give 
reasons. 


10. Two wires are of the same material and length; but the 
diameter of one is half that of the olher. The currents through 
them are so adjusted that the rate of production of heat is the 
same in both. Comi>are the currents, 

(A'fts ! Current in the thin wire is half that in the thick one.) 
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315. Some Tenus and their Meanings 

The passage of an clectrie ourront through a solution of an 
acid, salt or base in water is accompanied by chemical changes. 
It will be useful to know clearly the meanings of some terms in 
this connexion. 

Ion. An ion is an atom, molecule or a radical (i.c., a group of 
atoms forming part of a molecule) Avhioh has an excess or a deficit 
of electrons over its normal quota. When there is a tleflcit of 
electrons, the ion has an excess of positive charge and is called a 
positive ion. A negative ion has an excess of electrons. (8ec §312). 
for examples.) 

Electrolyte. An electrolyte is a liquid in which electricity is 
conducted by means of both positive and negative ions. Solutions 
of acids, bases and salts in water arc eh'clrolytes. A solution 
of sugar is not. Oils and pure water arc non-conductors of 
electricity. 

Anode. The anode is the electrode or conductor by wliich 
positive electricity from an external source of e.m.f., such as a 
cell 01 a battery, is supposeil to entei an electrolyte. 

Cathode. It is the electrode by which positive electricity is 
supposed to leave the electrolyte. 

Electrolysis is the chemical action that takes place at the inter¬ 
face between an electrode and an electrolyte when a current 
passes from one to the other. 

A vessel containing an electrolyte with two electrodes of the same material 
introduced into it is called an electrolytic cell. Tn such a coll electrical energy 
supplied from an external source produces a chemical change. If, however, the 
electrodes are different in nature, the cell acts as a voltaic cell supplying 
electrical energy at the cost of chemical energy of the reactions that take place 
at the interfaces of the electrodes and the ehxjtrolyte. 

316. Conduction of Electricity through Electrolytes 

In electrolytes, the process of solution splits up or dissociates 
the molecules of the solute into two oppositely charged ions. The 
HCl molecule splits into a positive hydrogen ion, H+, and a negative 
chlorine ion, Cl,* one electron having been transferred from the 
former to the later. The HsS 04 molecule splits into two Ht ions 
and one SO^^* ion, the double sign indicating that the SO^ radical 
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has an excess of two electrons. CUSO 4 splits into and 

SO^’ *, AgNOg into Ag+ and NO 3 *, NaOH into Na+ and OH’ etc. 

The chemical properties of an ion are very diffierent from those 
of the corresponding neutral atom or molecule. The ion is chemi¬ 
cally inert. The Na+ ion is stable in aqueous solution; but the 
neutral sodium atom, Na, will react vigorously with water. 

\Vhen the electrodes of an electrolytic cell are connected to a 
battery, the negative ions are attracted towards the positive elec¬ 
trode, and the positive ions towards the negative electrode. Within 
the cell there are thus two sti earns of oppositely charged ions 
moving in opposite directions. These streams constitute the 
electric current in the electrolyte. 


317. Some Electrolsrtic Reactions 
Electrolysis of hydrochloric acid. Let a current be passsd 
through a dilute solution of HCl in water, the electrodes being of 
carbon. Each H"*" ion, on reaching the cathode (i.e., the negative 
electrode), will combine with an electron and from a hydrogen 
atom. Such atoms will form molecules and hydrogen will 
be liberated as a gas from the cathode. At the anode, the 
chlorine ion, ni", gives up its negative charge and changes to the 
chlorine atom. The liberated chlorine reacts with w'atcr and 
releases oxygen. Water, in the form of hydrogen and oxygen, 
is removed from the solution by electrolysis, not HCl. 
Electrolysis of dilute sulphuric acid. If the electrodes are of such 


inert materials as carbon or platinum, the 
hydrogen ion, H+, drawn to the catlio<ie, 
behaves as in the previous case. Hydrogen 
gas is evolved at the cathode. The SO^”' 
ion moves tc the anode, gives up its charge, 
reacts with w'ater and liberato.s oxygen. 
It is not HaS 04 »vhich is removed from th'^* 
solution by electrolysis, but water. 

Electrolysis of water. An apparatus for 
the electrolysis of water is shown in fig. 354. 
If is filled with dilute sulphuric acid. The 
electrodes aro of platinum. The liberated 
gases collect in the tubes below the stop¬ 
cocks. The displaced liquid is driven up the 
central tube. The volumes of hydrogen to 
oxygen will bo as 2 ; 1 . 



Electrolysis of copper sulpha^. The ions Fig. 354 
are 0u++ and SO*”. If eloctrodes inert, metallic 


24 
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copper will be deposited on the cathode. At the anode the 
sulphion, S 04 *', will cause liberation of oxygen as in the 
electrolysis of water. Copper will be gradually removed from the 
solution. 

If the electrodes are of copper, copper will be deposited on 
the cathode. But at the anode the sulphion will attack copper, 
which will dissolve and enter the solution as Cu+t. The strengths 
of the copper sulphate solution will remain unchanged. The net 
result of electrolysis \^ill be a transfer of copper from anode 
to cathode. Electrolytic copper, which has a very higli degree 
of purity, is industrially processed in this way out of impure 
copper ingots. 


When silver nitrate solution is electrolysed with a silver anode, 
silver dissolves at the anode and forms a pure deposit on the 
cathode. 

Fused lead chloride may be electrolysed into lead and chlorine 
by using carbon electrodes. Note that it is not a solution. 

An interesting demonstration may be arranged by electrolysing 

lead acetate solution 
between lead electrodes. 
Lead crystals grow in the 
the form of a tree at the 
cathode, which should be 
at the centre (Fig. 355). At 
the anode the lead dis¬ 
solves under the action of 
the acetate ion and keeps 
the strength of the solu¬ 
tion constant. 

Pxodneis of eleotiolytio 
decomposition. The above 



Fig. 355 


experiments show that 

(i) the products electrolytic decomposition are not necessarily 
those the ions of which carry the current through the electrolyte. 
The products are the final results of the chemical actions taking 
place at the electrodes ; 

(ii) metals and hydrogen are liberated at the cathode ; the acid 
radical or oxygen is liberated at the anode. 

Detemination of fhe polarity of a cell or the supply mains. Add 
a little starch paste to an aqueous solution of potassium iodide 
and moisten a piece of filtCT paper with it. If wires from the 
terminals of a cell are allowed to toueb the paper a feeble current 
will pass and iodine wiU be lib^'^ a^t the anode, Jodine reacts 
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with starch to produce a dark blue coloration. Hence thx> wire at 
which the dark blue colour is •produced is the anode. While testing 
the supply mains in this way, a suitable resistance, say, a lamp, 
must be included in the circuit to avoid risk of a short circuit. 

When wires from supply mains are dipped into water to which 
a few drops of an acid has* been added., gas evolves more copiously 
at the cathode than at the anode. This is so because hydrogen is 
liberated at the cathode, and the volume of hydrogen liberated in 
a given time is double that of oxygen. Here also a protective 
resistance sliould be included. 

318. Faraday’s Laws of Electrolysis 

Faraday was the first to investigate systematically the con¬ 
duction of elcctiicity through electrolytes. By a series of brilliant 
experiments he was able in 1834 to formulate the following laws 
known as Faraday’s laws of electroti^s : 

I. The mass of a substance liberated by electrolysis is 
proportional to the quantity of electricity that passes through the 
electrolyte. 

II. When the same quantity of electricity passes through diffe¬ 
rent electrolytes, the masses of the various substances liberated are 
proportional to their chemical equivalents. 

[The chemical equivalent of an element is its atomic weight 
divided by the valency. For a radical, it is the w'eigbfc of the 
radical (on the chemical scale, i.e., taking oxygen as 16) divided 
by its valency.] 

Fig. 366 shows three 
electrolytic cells in 
series containing solu¬ 
tions of HCl, AgNOj 
andCuSO^ respectively. 

When a current passes 
through the cells, it will i'ig. 356 

have the same value in all of them as they are in series. H, Ag and 
Cu will bo deposited at the respective cathodes. Their chemical 
equivalents are 1, 108 and 32 respectively. The masses deposited 
in a given time by a current will be in the ratio of these numbers. 

If M is the mass of a substance liberated by a current I flowing 
for time t through an electrolyte, the charge that passes is Q^lt. 
According to Faraday’s first law of electi olv sis ilf is proportional 
to Q, i.e„ to It. 

M^ZIt 

■^here is r contstaxit kuown as the qleotroobemioal ^quivafenf 
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{abbreviated E.C.E.). We may say that t}i£. E.C.E. of a substance 
is the mass in grams of the substance liberated in electrolysis by the 
passage of one coulomb of electricity through an electrolyte containing 
the substance. It is expressed in grams per coulomb. 

Examples (i) How long will it take a current of 0'6 amp. to 
depo->it 1 gm of copper. (E.C.E. of copper =‘000329 gm/coulomb.) 

Solution : Fromrelation Jlf wehavef=3f/ZJ=l/’000329 
X-5=6078 800=101-3 min. 

(2) If 0-4752 gm. of nickel is deposited by a current of 0*6 amp. 
in 40 min; what is the E.C.E. of nickel ? 

Solution : From relation M —Zlt, we have 
Z =Mjit — 0 * 4752 / -6 X 2400 =3.3 X 10 '* gm/coulomb. 

Voltameters. By virtue of Faraday’s first la-w of electrolysis it is 
possible to measure a charge by the mass of ion it deposits. Such 
devices are called voltameters (sometimes couhmbmeters or cculo- 
meters). They are generally of simple construction. A copper 
voltameter has electrodes of copper placed in a strong solution of 
copper sulphate. Charge is measured by the increase in weight 
of the cathode. When the time of flow is known the value of the 
current is easily obtained. 

319. Verification of Faraday’s Laws of Electrolysis 

The first law can be verified 
by using any voltameter. (Fig. 
357 shows the circuit. The 
deposit for a known I and t is 
measured. I and t are altered in 
value in successive experiments 
and the corresponding deposit 
weighed. It wil be seen that the 
mass of the deposit is in every case proportional to /xi, i.e., to 
the charge. 

To verify the second law two voltameters, one having copper 
electrodes in CuSO^ solution and the other, silver electrodes in 
AgNOj solution may be connected in series and a current passed 
through both. The masses of copper and silver deposited at the 
respective cathodes will be found to be proportional to their 
chemical equivalents. 

320. Applications of Electrolysis 

Electrolysis finds application in various fields. Some of the 
more important are (i) electroplating, (ii) eleotrotyping, (in) 
extraction and refining of met^J^ ^nd (ii) roanufactiirq pf 
chenfioaiSf 



Fig. 357 
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Electroplating. In electroplating, an article made of a metal is 
given a thin coating of a more attractive or durable metal by 
electrolysis. The articles to be electroplated are cleansed thorough¬ 
ly and made the cathode of an electrolytic cell. The anode is 
made of the metal to be deposited. The electrolyte is a suitable 
solution which contains ions of this metal. To ensure an even 
deposit the cathode may be slowly rotated or be completely 
surrounded by the anode. Worn out machinery parts can be 
replatcd and brought to the right size by electrolysis. 

In the tabic below, the first column gives the name of the metal 
used for coating articles made of metals named in the second 
column. The purpose of deposit is given in the third column. 

Metal Metal _ 

^posited coated Purpose cf coating 

Cadmium j Iron Rust-proofing. 

Chromium ■ Brass Untarnishable and un^'cratcuable 

coating for oar-parts, domestic 
Sittings etc. 

Gold Brass Imitation jewellery. 

Copper I Iron As foundation for nickel, silver or 

gold plating. 

Nickel ' Iron Untarnishable coating for cycle 

parts. 

Platinum | Brass Hard, non-corrodible coating fer 

scientific instruments. 

Silver Brass, Copper Table utensils etc. 

Zinc Iron Rust-proofing. • 

Electrotyping. Matter which has to be printed in large 
numbers is generally printed from electrotype plates. The matter 
is first sot up in ordinary type and an impression is taken 
on wax. The wax mould is dusted with graphite powder and made 
the cathode in a bath of copper sulphate solution. The anode is of 
copper. When a current is passed, copper deposits on the mould 
which has been rendered conducting by the graphite. When the 
copper deposit acquires the thickness of a visiting card, it is 
peeled off the mould and backed up with type metal to give it 
necessary strength for printing. 

Gramophone records are made by a similar process. The wax 
impression on which the vibrations of the recording needle are 
received is dusted with graphite and made the cathode in a plating 
bath for deposit of metal. 
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Extraction and refining of metals. Aluminium is extracted by 
electrolysing a fused mixture of alumina (aluminium oxide), 
cryolite and fluorspar. Only the alumina is decomposed. The 
electrodes aie of carbon. The heat generated by the current keeps 
the electrolyte melted. As very large currents are necessary 
at a low cost, the industry is located near hydroelectric 
projects. 

Copper, as it comes from the smelting works, is not very pure. 
To refine it the crude copper is made the anode and a sheet of 
pure copper the cathode of an electrolytic cell containing copper 
sulphate solution. When electrolysed, the deposited copper is 
is about 99'96% pure. It is known as electrolytic copper. 

The metals sodium, potassium and calcium, the gas chlorine, 
and many other substances are now produced on a commercial 
scale by electrolysis. Chemicals like caustic soda, caustic potash 
etc. are produced electrolytically. Manufacture of chlorates and 
perchlorates in the explosives industry, of products of aniline by 
anodic oxidation, and of products of nitro-benzene by cathodic 
reduction illustrate a few of the many applications of electrolysis 
to industry. 


Exercises 

1. Explain the following terras : 

Ion; electrolyte; anode ; cathode; electrolysis; electrolytic cell. 

What is the difference between an electrolytic cell and a 
voltaic cell ? 

2. Describe the actions that take place when 

(а) Dilute HCl is electrolysed between carbon electrodes ; 

(б) Copper sulphate is electrolysed between copper electrodes ; 

(c) Copper sulphate is electrolysed between platinum electrodes. 

3. State Faraday’s laws of electrolysis. How would you verify 
them ? Define electrochemical equivalent and chemical equiva* 
lent. 

4. Say how you would use a copper voltameter to measure a 
current. Draw the circuit and indicate clearly the positive and 
negative electrodes. 

5. Mention some important applications of electrolysis. 
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6. How is a current conducted through an electrolyte ? Which 
of the following substances are electrolytes : 

Paraffin oil, common salt solution, mercury, molten lead, sul¬ 
phuric acid ? 

7. l‘2gra. of copper is deposited when a current of 1-5 amp. is 

passed through a copper sulphate solution for 40 min. Find the 
E.C.E. of copper. {Ans : -00033gm per coulomb.) 

8 . A Daniell cell gives a current of 0-1 amp. for 1 hour. Cal- 
eulate the change in weight of both electrodes, (E.C.E. of copper 
=■00033 gra per coulomb. Chemical equivalent of copper= 
=31*8 ; of zinc—32-6), 

{Ans : Zinc lost=-1218 gra ; copper deposited=-1188gm.) 
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321. Faraday’s Discovery 


Since Oersted’s discovery in 1820 that a current always 
produces a magnetic field, physicists had been enquiring 

whether a magnetic field 
could produce a current. 
In 1831, Faraday made the 
discovery that a momen¬ 
tary current was produced 
in a coil of wire wound on 
an iron core when and 
only when another current 
was started or stopped in 
another coil on the same 
core. By a series of simple 
Fig. 358 and well designed experi¬ 

ments he clarified the phenomenon which came to be known as 
‘electromagnetic induction*. 

The importance of this discovery in the development of modern 



industries and its 
effect on our social 
life cannot be 
overestimated. The 
electric . generators 
which produce 
electrical energy and 
the transformers 
which efficiently 
transmit this energy 
across long distances, 
are direct appli- 



Fig. 369 


cations of Faraday’s discovery of electromagnetic induction. 


322. Experiments on Induced Currents 

Apparatus : To demonstrate the phenomenon of electromag¬ 
netic induction we may use the following apparatuses : 

(i) A galvanometer capable of detecting small currents {G ; 
figures 368 and 369). It should be a centre-zero instrument. 

(n) A hollow coil of many turns of wire connected with the 
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galvanometer {S ; figures 368 and 359). One or more perma¬ 
nent magnets {NS ; Fig. 368) or another narrow coil (P,Fig. 369) 
can be introduced into this coil. We should know in what 
direction a current must flow in the coil S bo as to deflect the 
galvanometer needle to the right or the left. 

(in) One, preferably two, strong permanent magnets with 
their poles marked. 

{iv) A narrow coil of many turns of wire connected to a battery 
(P; Fig. 359). A key and a rheostat are connected in series with 
the coil so that the current in it can be started, stopped, increased 
or decreased at will. This coil may be called the primary coil to 
distinguish it from the other coil which is called the secondary 
coil. 

A. Currents induced by magnets. It is easy to show that 
whenever there is a relative motion between the magnet 
and the coil Sy a current of short duration passes through 
the galvanometer. The current lasts so long as the 
relative motion lasts. When the magnet is moved slowly the 
galvanometer deflection is small. The deflection increases when 
the magnet is moved faster. It also increases wlien we use two 
magnets in place of one with their like poles together. These 
show that the current increases with (i) the speed of the relative 
motion, and (ii) the strength of the magnet. Suppose we know how' 
the current must flow through the coil 5 so as to deflect the galva¬ 
nometer to the right or the left. We can then find the direction of 
the current in the coil produced by a given motion of the magnet. 

The following observations can ba made: 


Relative motion between 
coil and magnet 


DirecMo?i of induced current in 
coil viewed from the side of 
the magnjet 


N-polo approaching 
,, receding 
S-pole approaching 
,. receding 


Anticlockwisn 

Iflockw'ise 

Clockwise 

Anticlockwise 


Conclusions : The following conclusions can be draAvn from the 
observations made above : 

{i) The appearance of a transient current in the coil implies the 
appearance of a transient electromotive force acting round the 
coil. 

(u) This e.m.f. is present only when there is a relative motion 
between the magnet and the coil, i.e., when the magnetic field 
within the coil is changing with time. 
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(n») Th6 e.m.f. is stronger the quicker this change. 

(iv) The e.m.f. increases when the area and number of turns of 
the coil is increased. 

The production of an electromotive force round a circuit when a 
change occurs in the magnetic field embraced by the circuit, is 
called electromagnetic induction. The e.m.f. will appear even if 
the circuit is open ; there cannot be any current in the circuit in 
that case. The e.m.f. is called the induced e.m.f. and the current, 
the induced current. 

B. Current induced by currents. Placing the primary coil P 
inside the secondary we can show that a transient current passes 
through the secondary when the current in the primary is started, 
stopped, increased or reduced. The direction of deflection of the 
galvanometer is the same when the current is started or increased. 
This direction is opposite to what we find when the current is 
stopped or reduced. 

The primary coil behaves as a magnet so long as a current is 
flowing through it. Hence all the effects produced by permanent 
magnets can also be prorluced by the primary coil. The effects 
will be much magnified if a soft iron rod is placed within the 
primary. 


323. Lenz’s Law 

When an induced current flows through a coil, the coil behaves 
as a magnet. From the direction of the induced current given in 
the table on the la^t page it will be seen that the polarity of the 
coil due to the induced current is such as to oppose the relative 
motion between the magnet and the coil. This observation may 
be expressed in the following form : 

The direction of the induced e.m.f. is always such that, if it 
could produce a current, the magnetic action of the cunrent would 
tend to resist the change by which the e.m.f. was produced. 

This statement is known as Lenz’s law of electromagnetic 
induction. It was discovered by Emil Lenz, a Russian scientist, 
in 1834. 

It is easy to illustrate the application of Lenz’s law in a simple 
case. Suppose a N-pole approaches a coil along its axis, as in the 
set up of fig. 358. By Lenz’s law the magnetic effect of the induced 
current will tend to oppose this motion of approach. To do so 
the coil should present a north polarity to the approaching N-pole. 
Hence, looking from the side of the approaching N-pole, the 
current in the coil would appear to flow anticlockwise. Other 
cases of relative motion can be similarly treated. 
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Lenz’s law and the principle of conservation of energy. We 

may want to know the source which supplies the energy of the 
induced current. When induction is due to relative motion, the 
agent which causes the motion does an extra amount of work 
against the repulsion or attraction between the induced current 
and the inducing magnet. This provides the energy of the induced 
current. When induction is due to a change of current in a 
stationary coil, extra work is done by the source of e.m.f. in 
the primary circuit. 

Lena’s law can be derived from the principle of conservation 
of energy. If possible, let the direction of the induced current be 
opposite to what follows from Lena’s law. Then, when the north 
pole of a magnet is given a small displacement towards a closed 
coil, the iiuluced current would attract the north pole in.stead of 
repelling it. This attraction would make the pole move towards 
the coil with increasing speed. Hence the induced current will 
grow stronger and stronger. The energy of motion or of the in¬ 
duced cuiTent is derived without an equal amount of work being 
done anywhere. This, according to the principle of conservation 
of energy, is impossible, 

324. Flux Linkage and Electromagnetic Induction 

All facts relating to electromagnetic induction can be conve¬ 
niently described in terms of the concept of ‘flux linkage’. ‘Flux’ 
in this expression stands for ‘magnetic flux’. To understand 
what is meant by magnetic flux, let us think of the lines of force 
in a magnetic field. Imagine them to exist in such density that the 
number passing normally through unit area at a place is equal to 
the intensity of the field at that place. Consider now an area in a 
magnetic field. A number of lines of the above description w'ill 
pass through the area. This number gives the magnetic flux 
through the area. When the area is normal to the lines, the flux 
through it is a maximum. If the plane of the area is parallel to 
the lines the flux is zero. 

The lines passing through an area is the flux connected or 
linked M'ith it. If the area is defined by the turns of a coil of wire, 
the flux linked with the eoil is obtained by multiplying the flux 
through a single turn by the number of turns. 

The facts of electromagnetic induction can be described in terms 
of magnetic flux in the following way: 

(«) Whenever there is a change in the magnetic flux linked with 
a circuit, an e.m.f. is induced in it. 
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(it) The magnitude of the induced e.m.f. is proportional to the 
rate of change of magnetic flux linked with the circuit. 

(Hi) The direction of the induced e.m.f. is such that the current 
it drioes tends, hy its magnetic action, to keep the flux through the 
circuit unaltered. 

325. E.M.F. induced in a Conductor moving in a Magnetic Field 

When a conductor is moved 
in a magnetic field so as to cut 
across lines of force, an e.m.f. is 
induced between its terminals. 
To demonstrate it the ends of a 
metal rod AB (Fig. .360) may¬ 
be connected by means of flexi¬ 
ble wires to a sensitive galvano¬ 
meter. If the rod is moved across 
the pole of an electromagnet, an 
induced current wdll be found to flow through the galvanometer. 
When moved parallel to the linos of force there is no such effect. 

The direction of the induced e.m.f. is given by Fleming’s 
right-hand rule (Fig. 361). It may 
be stated as follows: 

If the thumb, fore-finger and 
middle finger of the right hand are 
stretched at right angles, the Fore¬ 
finger pointing to the direction of 
the magnetic Field and the thuMb 
to the Motion of the conductor, 
then the middle finger will give 
the direction of the Induced 
e.m.f. 

We know that an e.m.f. is induced in a circuit or a coil when the 
magnetic field embraced by it (i.e. the magnetic flux linked with 
it) changes. An e.m.f. is also induced in a conductor moving in a 
magnetic field. These two arc fundamentally the same pheno¬ 
menon. An e.m.f. is induced whenever there is relative motion 
between a magnetic field and a conductor. It is immaterial whether 
the conductor moves or the field moves or changes. The total 
e.m.f. acting round a circuit is the sum of the e.ra.f.’s acting 
along the conductors constituting the circuit. 

It is easy to understand the action of a dynamo on the basis 
of the e.m.f. induced in a conductor as it moves in a magnetic 
field. 



Fig. 361 
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326. Introductory Remarks on A.C. and D.C. 
Generators and Motors 

The electric generator is a machine which converts mechanical 
energy into electrical energy. It is Tisxially driven by an engine or a 
turbine and feeds electrical power into any circuit connected 
to it. If the current set up by the generator in the external cir¬ 
cuit is of an alternating type (i.e. if the current traverses the 
circuit first in one direction and then in the other, being reversed 
many times a second), the generator is called an alternator, 
alternating current generator or a.c. generator. If the current deli¬ 
vered to the outside circuit always flows in one direction, the 
generator is called a direct-Current generator, d.c. generator or 
continuous current (c.c.) generator. There appears to be little 
uniformity in the use of the word dynamo, but moie often it means 
a d.c. generator. 

The electric motor (See § 304) is a machine which converts elec¬ 
trical energy into mechanical energy. It is a generator in reverse. 
When supplied with current from an electrical source it exerts 
a torque upon a shaft and turns wheels and machinery. The 
current supplied to the motor may be direct or alternating. In the 
former case, it is called a d.c. motor: in the latter, an a.c. motor. 
Motors can be constructed to lun both on d.c. and a.c.; but they 
are generally of small power. 

Principle o£ action of a generator. The action of a generator 
depends on the e.m.f. induced in a conductor when it cuts magnetic 
flux. The direction of this e.m.f. is given by Fleming’s right-hand 
rule. The magnetic field is provided by magnets which, in commer¬ 
cial machines, are powerful electromagnets and are called field 
magnets. The conductors are placed in slots cut parallel to the 
axis on the surface of a laminated iron cylinder, called the 
armature, which rotates between the poles of the field magnets. 

In large alternators the armature carrying the conductors is 
kept stationary and the field magnets n^ade to rotate. To avoid 
confusion the rotating part of an alternator is called the rotor 
and the stationary part, the stator. 

Principle of action of a motor. The action of a motor depends 
on the force exerted by a magnetic field on a conductor carrying 
a current. The magnetic field is provided by field magnets as in 
the generator. The conductors are also similarly arranged on an 
armature. Current from an external source is supplied to these 
conductors. The force on the conductors causes the armature to 
rotate. The relation between the directions of the current, field 
aiid motion is given Fleming’s left-hand rule, (gee also § 304,) 
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327. The Simple Dynamo 

A coil of wire so rotated in a magnetic field that the flux 

through it changes continuously 
constitutes a simple dynamo. 
Let us consider a rectangular coil 
placed in a uniform magnetic 
field (Fig. 362). Let it rotate 
about an axis perpendicular to 
the field but parallel to its 
sides AB and CD. 

As the coil rotates, the con¬ 
ductors AB and CD cut 
across lines of force. Application of Fleming’s right-hand rule 
shows that 

(i) The c.m.f.’a induced in the conductors act in the same 
direction round the coil. 

(ii) The conductors AD and BG do not contribute to the 
e.m.f. as they do not cut across lines of force. 

(in) The terminals ; fig. 362) of the coil become alter¬ 

nately positive and negative. 

(iv) A terminal is positive during one half of a rotation, and 
negative in the next. 

(w) The p.d, between the terminals is zero twice during each 
complete rotation, when the coil is perpendicular to the field. 
(The p.d. varies from zero to a maximum.) 

To apply this e.m.f. to an external circuit the ends of the 
coil are connected to two slip-rings 
(J^j, R^\ fig, 363) mounted on the same 
shaft which carries the coil. The 
rings are insulated from each other. 

Two carbon brushes (JB^, B^) press 
against the rings and are provided 
with a terminal each for connexion 
with an external circuit. As the 
coil rotates it drives an alternating 
current through the external circuit, 
and acts as an alternator. 

328. The Simple Dynamo as a D.C. Deneratoi 

The simple dynamo described above can be converted into a 
simple d.c. generator by replacing the slip rings by a split metal 




Fig. 362 
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tube or commutator as shown in fig. 364, The purpose of 
the commutator is to reverse the connexions of the coil with 
respect to the external 
circuit at the instants 
when the e.m.f. rever¬ 
ses in the coil. As the 
coil passes through its 
position perpendicular 
to the field, contact 
at each brush changes 
from one sector of the 
commutator to the 
other, 

The direction of the e.m.f. induced in a conductor moving 
across a given pole in a given direction is fixed. The commutator 
ensures thit such a conductor is always connected to the samebrush. 
This gives a brush tlie same polarity for all positions of the coil. 
Hence the current in the external circuit always flows in the same 
direction. 



329. Mutual Induction and Self-induction 

A. Mutual induction. A circuit carrying a current produces 
a magnetic field aroimd it. If there is another circuit in the neigh¬ 
bourhood, a part of the magnetic field of the former will be em¬ 
braced by the latter. In other words, some magnetic flux due to 
the former will be linked with the latter. If the current in the first 
circuit is altered in any way the flux through the second will 
change. Hence an e.m.f. will be induced in it according to the 
laws of electromagnetic induction. The phenomenon of the 
induction of an e.m.f. in a circuit (called the secondaiy) due to a 
change in the current through another circuit (called the primary) 
is known as mutual induction. The fa.^ts described in § 322 B 
relate to mutual induction. 

The magnitude of the induced e.m.f. depends on (i) the 
rate of change of current in the primary, (ii) the number of 
turns of wiie in each coil, and (Hi) the extent of the magnetic 
field of the one embraced by the other. The induced e.m.f. 
increases as one or more of these quantities increase. A large 
enhancement of effect occurs if one or both coils have an iron 
core. 

The transformer, which is one of the most important devices 
in applied electricity, depends for its action on mutual induction, 
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B. Self-induction. When a steady e.m.f. is applied to a circuit 
the current in it takes some time to grow to its full value. As 
soon as the current begins to flow, the magnetic field also begins 
to build up from zero value. The flux linked with the circuit 
therefore increases. It also increases when the current is increased. 
The flux diminishes when the current is switched off or reduced. 
In all siicli cases an e.m.f. is produced in accordance with the 
laws of electromagnetic induction. This phenomenon of the 
induction of an e.m.f. in a circuit due to a change in the value 
of the current in it is known as self-induction. The self-induced 
e.m.f. always opposes the growth and the decay of the current. 

The magnitude of the self induced e.m.f. depends on and 
increases with (i) the number of turns in the coil, {ii) its diameter 
and {Hi) the rate at which the current changes. Presence of iron 
in the coil greatly enhances the effect. 

The glow of an electric lamp fed 
by an alternating current can be 
reduced by introducing in its circuit 
a coil with an adjustable iron core 
(Fig. 365). As the core is introduced 
more and more into the coil the 
opposing e.m.f. due to self-induction 
increases. This reduces the glow of 
the lamp. The device is called a 
variable choke. It produces the 
same effect as a resistance, but 
wastes less energy. It can, however, 
be used only in alternating current circuits. 

330. Transformeia 

A transformer is an electrical device by which electrical energy 
can be transferred 
from one circuit to 
another, generally 
with a change of vol¬ 
tage. It consists essen¬ 
tially of two coils, a 
primary and a secon¬ 
dary, w'ound upon a 
laminated and closed 
iron core (Fig. 366) and 
can be used only when 
the supply is i^lteniating. The sltemating pote^tial 
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is applied to the primary. The flux linked with a turn of the 
primary also passes through each turn of the secondary because 
the flux due to the primary is practically confined within the iron. 

As the flux linked with the secondary changes due to the chang* 
ing current in the primary, an e.m.f. is induced between the termi¬ 
nals of the secondary. In the ideal transformer (i.e., one in which 
no energy loss occurs and both coils embrace exactly the same 
flux), it can be shown that 

E.m.f. induced in secondary Number of turns in second ary 

E.m.f. applied to primary Number of turns in primary 

The ratio of the secondary to the primary turns is called 
transformation ratio. 

Neglecting losses we may write 

Energy input in primary = Energy output in secondary 

or power input =s power output 

or primary current x primary voltage 

= secondary current x secondary voltage 
current in secondary mimbcr of turns in primary 
■ ■ current in primary ~ number of turns in secondary 

Transformers may be step-up or step-down according as the 
voltage in the secondary is higher or lower than that in the primary. 
The current in the secondary of a step-down transformer is larger 
than that in the primary. 

Economic transmission of electrical energy over long distances 
has been made possible by the transformer. 

Whenever electiic power has to be transmitted to a distance 
it is sent at as high a voltage as possible. This enables smaller 
currents, hence thinner wires, to be used, leading to a great 
economy in cable. Moreover, a smaller proportion of the energy 
transmitted is wasted by conversion into heat in the cable. 
Before supply to the consumer the voltage of the supply is 
reduced by step-down transformers. Smaller transformers are 
used in telephones, radio receivers and transmitters, television 
sets, in the production of X-rays etc. 

881. The Induction Coil 

The indudiom, coil, also called the Ruhmkorff coil, is a device 
for obtaining a high voltage from a relatively low one, energy 
being supplied by a steady source of e.m.l In fact it is a 
transformer modified for use with dired current, 

25 
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Fig. 367 shows the essential parts of an induction coil. P 

f- w -A- 0 o— - Is thc primary coil ofwhich the 

^ windings consist of a relatively 

- few turns of thick insulated wire 

rrrcTrrcc(\ wound round a core il.C.) built 

liilllliro up of soft iron wires. The 

secondary coil 8 consists of 
many turns of thin insulated 
UuUUUU Ad wire wound over the primary. 
P Tliere are generally several 

layers, each well insulated from 
_ the other. The terminals of the 

B secondary are connected to an 

- Id I - adjustable spark gap G. For 

' ' the sake of clarity P, I.O, and 

Fig. 367 g have been shown separated 

in the diagram. 

Since a steady current in the primary will not cause any in¬ 
duced current in the secondary, a make-and-break arrangement is 
provided in the primary circuit. It is generall;^ a ‘hammer break’ 
working on the same principle as in the electric bell (See § 300). 
H is the soft iron armature which is responsible for the make and 
break at A. This occurs many times a second, and each make and 
break causes an induced current in the secondary. A condenser 
(7, housed in the base of the apparatus, is joined in parallel with 
the makc-and-break in the primary circuit. It enables a larger 
spark to be obtained across the spark gap at break. 

Induction coils are used for running gas discharge tubes and 
X-ray tubes, and for setting up electric waves in radio telegraphy. 
The most important practical application of the induction coil 
is for ignition in gas engines. To make 
a spark jump across the terminals of 
the spark plug in such an engine several 
thousand volts are necessary. This is 
supplied by an induction coil. 


338. Elementary Telephone 

Electromagnetic induction made it 
possible to transmit the sound of human 
voice over long distances by electrical 
means. In the original telephone, designed 
by Alexander Graham Bell in 1876, 
transmitter and receiver were alike (Fig. 
368). Two soft iron pole pieces (P) were 
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attached to a permanent horse-shoe magnet (L). Round each pole 
piece a coil of very fine insulated wire was wound, the free 
ends of which were connected to terminals T. A disc D of thin 
sheet iron, secured at the edges, was placed very close to the 
pole pieces. 

Sound waves falling on the disc caused 
it to vibrate in consonance with the 
waves. Its movements induced currents in 
the coils of the transmitter. These were 
carried along wires to the receiver which 
was exactly similar in construction. The 
induced currents, flowing through the coils 
of the receiver, altered the magnetization 
of the soft iron pieces. As a result the pull 
on the iron disc in the receiver varied, and pole- 

it vibrated reproducing the movements of pioce« ; 0= Coils; 
the disc of the transmitter and hence the ^^^iron-*^!^=Per- 
sound which caused it. manent magnet. 

The modern receiver is almost the same as that of Bell, but 

is more compact (Fig. 369). 
The modern transmitter 
is a carbon microphone 
(Fig. 370). It contains a 
little box filled with granules 
of carbon (0). The front (B) 
and back of the box are 
made of polished carbon 
plates. Current from a 
battery flows from one plate 
to the other through the 
granules. iPj, Tg are ter¬ 
minals for connexion to 
Fig. 370 battery. 

B is attached to the centre of the diaphragm D, and moves 
in and out a little as D vibrates under the action sound of 
waves impinging on it. This alters the resistance in the circuit, 
since the resistance of the path through the granules depends 
on the tightness of packing. The current in the battery circuit, 
therefore, changes in tune with the sound vibrations impinging 
on D, This varying current actuates the coils in the receiver and 
causes its diaphragm to vibrate similarly. 

A simple telephone circuit with a carbon microphone trans- 
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mitter and a Bell receiver is shown in fig. 371. It can transmit 
a one-way message. 



333. Motor Generator and Rotary Converter 

It is often required to use a potential difference of 110 or 220 
volts when the supply in the mains is at a higher voltage. In such 
cases the transformation maj- bo brought about by operating a 
motor from the mains, and making it drive a generator construct¬ 
ed to give the desired voltage. The motor and the generator are 
on the same shaft or on coupled shafts. A combination of a motor 
and a generator for the purpose of transforming any voltage, 
direct or alternating, to any other desired voltage within proper 
limits, is called a motor generator. 

A rotary converter is a form of motor generator which consists 
of a combination of an alternating current motor and a direct 
current generator in which both motor and generator use the same 
armature windings. The alternating current is supplied through 
slip rings at one end of a rotating typo armature. The direct 
current is carried by brushes from a commutator at the other end. 
These converters are used whenever a large amount of power, 
transmitted by alternating currents, is to be converted to direct 
current mains, as in the operation of electric trains or a d.o. 
town supply. 


Exercises 

1. What is electromagnetic induction ? Describe simple 
experiments to illustrate the phenomenon. 

What is the most important law about the phenomenon ? 

2. State Lenz’s law of electromagnetic induction. Apply it to 
find the direction of the current induced in a coil when the south 
pole of a magnet is (a) brought near it, (6) taken away from it? 

Whence does the induced current get its energy? 

3. What do you understand by magneticfivx ? What is meant 
hyjlttx linked with a circuit ? 

State the principal facts of electromagnetic induction in terms 
of flux linkage; 
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4. How can you show that an e.m.f. is induced in a conductor 
when it moves in a magnetic field? State a rule connecting the 
direction of this e.m.f. with the directions of the magnetic field 
and the motion. 

What will be the induced s.m.f. when a conductor moves 
parallel to a magnetic field? 

5. Where do we apply Fleming’s right-hand rule, and where 
the left-hand rule? How are they applied to the cases of the motor 
and the dynamo? 

6 . Describe with simple and neat sketches the action of a simple 
dynamo acting as an alternator. 

How can it be converted into e d.c, generator? Explain the part 
the split-ring commutator plays in this regard. 

7. What do you understand by mutual induction and self- 
induction? Describe simple experiments to illustrate them. 

What applications do you know of these phenomena? 

8 . What is a transformer? How does it act ? Can you use it in 
a d.c. circuit? Why ? 

9. What is an induction coil? How does it differ from a 
transformer ? 

Draw a neat sketch of an induction coil and label its parts. 
Briefly describe its action. 

10. Draw a sketch of a telephone receiver or transmitter 
and state how it acts. How should the two be connected for 
transmission of sound from one place to another? 



CHAPTER 39 


PRODUCTION, PROPAGATION AND 
DETECTION OF SOUND 

334. Sound is dae to Vibration of a Body 

When a string in a musical instrument is plucked or bowed we 
hoar a sound. That the sounding string is thrown into vibration 
is apparent to the naked eye, A metal pot when struck emits 
sound and its vibration can be felt by lightly touching it with 
the fingers. This vibratory movement is common to all objects 
emitting sound. 

That a sounding body is in vibration and has a certain 

amount of energy can be de¬ 
monstrated by a simple 
experiment. Take a tuning 
fork (which is a U-shaped rod 
of steel provided with a 
handle) and i trike it lightly. 
A Sound will be emitted. 
Allow an arm of the tuning 
fork to touch a suspended pith 
ball. It will be thrown with a 
jerk and will move through a 
distance as a result of the 
impulse received from the fork 
(Fig. 372). The same pheno¬ 
menon will occur if the pith ball is touched with any other 
sounding body, say a glass or a metal cup. When the vibration 
of any of the above bodies is stopped, the sound ceases. It 
is common experience that sound emitted by a vibratory 
body can be stopped by holding it firmly. 

The vibrations produce waves in the surrounding air which, 
falling on the listening ears, produce the sensation of sound. The 
vibrating body is called the source of sound and the waves in the 
medium are called sound waves. 

The periodic motion of the source of sound is the cavbse of sound. 
The frequency of the sound waves due to a source is the same as that 
of the source. If the frequency is lower than .30 or so or higher than 
20,000 or so per sec, the waves cannot excite the human ear and 
no sound is heard. The waves generated by vibrations faster 
than the upper limit are called supersonic toaves. Those slower 
than the lower limit are called subsonic waves. 
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Sound energy is no special form of energy. It is the mechanical 
energy of the vibrating source. 

335. A Medium is necessary for the Propagation of Sound 

Suspend an electric bell through a rubber stopper in a. largo 
bell jar (Fig. 373) placed on the receiver 
of an air pump. If an electric current is 
passed through the bell, its sound can 
easily be heard from outside. As air is 
gradually pumped out of the bell jar, 
the sound becomes fainter and. fainter 
and then almost ceases. The hammer 
may be seen to strike the bell, but still 
no sound is audible. If air is n(»w 
allowed to enter the jar gradually the 
sound becomes louder and louder anfl 
finally regains its initial strength. 

This proves that sound cannot be pro¬ 
pagated in the absence of a material 
medium. 

Though the sound becomes very feeble it may not altogether vanish. A person 
standing close to the jar may yet hear a feeble sound. This sound is conducted 
along the suspending string and wires leading the cuiTcnt as well as through the 
residual air in the jar. 

The following facts illustrate the propagation of sound through 
solids. If a watch is kept at one end of a table its sound may not 
be audible in air at the other end. But if the listener presses his 
ear to the other end, he may hear the sound propagated through 
the wood. The sound of an approaching train may be heard by 
pressing the ear on a rail before it is heard in air. American 
Indians are reported to have the ability to detect and even to 
locate the approach of enemy horsemen by pressing the oar to the 
ground. 

A submarine’s propellers produce sound waves in water which 
can be detected by a microphone placed in water. 

336. Transverse and and Longitudinal Waves 

Waves are ordinarily classified into two types, viz., transverse 
and longitudinal, according to the direction of vibration of a 
particle of the medium relative to the line of wav 3 propagation. 

A. Transverse Wav»s. When a stone is dropped into a pool of 
water a disturbance spreads out along the water in. the form of- 
cirtrlar crests and troughs of increasing radius. A piece of cork„ 



Fig. 373 
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generated in one second. T is the time in which the wave 
advances by a distance equal to one wavelength. 

Example, A tuning fork vibrating in air produces waves of 
wavelength 1^ metre. Assuming the velocity of the waves so 
produced to be 330 metres/sec, calculate the frequenc> of the 
sound emitted and also its periodic time. 

V 330 metres/sec 
Solviion. From V=n\ 1 


Therefore the frequency is 220 vibrations per sec. 
The periodic time =2^0 C * 


337. Mechanism of Sound Propagation 

We shall now discuss how a vibrating source gives rise to 
longitudinal waves in air and how these waves are propagated. 

Consider a vibrating tuning fork. As it vibrates, its arms 
move alternately inwards and outwards. When an arm moves 
from B to A (Fig.376) it compresses the layer of air in front of 



Fig. 376 


it. The particles of air in the compressed layer tend to relieve 
the strain of compression by moving to the right and compressing 
the adjoining layer. The particles of this layer in their turn 
compress the next layer and so on. In this way the compression 
advances to the right ftom layer to layer. By the time the arm 
reaches A this compression advances a certain distance depending 
bn the time in which the arm moved from B to A. It also de- 
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pends upon the density and elasticity of the medium. As the 
arm swings back towards B it creates a partial vacuum behind it 
and the layer of air in contact with it expands. As the particles 
of this layer move to the left into this expanded region, they 
create a partial vacuum behind them, i.e. to the right. This is 
filled up by the particles from the next layer. In this way a rare¬ 
faction moves to the right and follows the compression moving 
in front of it. A compression and a rarefaction together form 
a complete longitudinal wave. 

As long as the fork vibrates, alternate compressions and 
rarefactions take place in the surrounding medium. This alter¬ 
nately compressed and rarefied condition of the medium is 
transmitted through it and constitutes the sound waves. When 
they reach a listener’s ear they produce alternately an increase 
and decrease of pressure on the ear drum. This causes nervous 
impulses to be carried to the brain, which interprets them as sound. 


If a spring is attached to ono arm 
compressions and rarefactions may 
These can be distinguished if the 
movements are not very fast. A 
turn of the spring may be likened 
to a layer of air. 

A vibrating body generates 
sound waves in the surrounding 
air as shown in fig. 377. A sen¬ 
sation of sound is produced if the 
frequency of the waves is within 
the appropriate range. Waves beyond 
tion of sound but they yet have the i 
also should be called sound waves. 


a fork as shown in fig. 376 alternate 
seen along it when the fork vibrate.9. 



Fig. 377 


is range do not produce the sensa- 
ue physical properties. Hence they 
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338. Detector o! Sound— 
the Human Ear 

Tiio human ear 
has three parts, viz., 
(i) the outer ear, (w) 
the middle ear and 
(in) the inner oar, 
as shown in fig. 378. 

The outer ear. It 
consists of the visible 
part or the pinna (P), 
the canal (C) and the 
the eardrum (/)). The 
pinna is a plate of 
elastic cartilage which 
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catches the sound waves and conducts them through the eanal 
to the ear drum or tympanic membrane which closes the inner 
end of the canal. The eardrum vibrates under the impact of the 
incident sound waves. 

The middle ear. It is a cavity surrounded by bones. At one 
end of it lies the ear-drum and a membrane (0) at the other. This 
membrane is called the Oval Window or Fenestra Ovalis and forms 
part of the wall of the inner ear. D and 0 are connected by a 
chain of three small bones forming a bridge. They are respectively 
known as the hammer {H), anvil (A) and stirrup {8) because of 
structural similarity. These bones act as lovers and transmit 
the vibration of the ear-drum to the liquid in the inner ear. They 
reduce the movement by about 30 to 1 and step up the pressure. 
The stirrup closes the aperture of the inner car. To maintain 
equal air pressure on both aides of the ear-drum, the middle ear 
is connected to the throat by the Eustacliiantuhe {E). Fig. 378 (6) 
shows the middle ear and a part of the inner one. 

ThO Inner ear consists of a bony tube about an inch and a 
half long coiled into a spiral and called the cochlea {Co). It 
forms the actual hearing chamber and is divided throughout into 
two parts by a membrane stretched along the middle. On this 
membrane there are several thousand tiny fibres of varying 
lengths and tensions somewhat like the strings of a harp. Tliey 
are connected by nerves with the brain. The cochlea is filled 
with a liquid. A tiansverse section of the inner ear is shown at 
(c) in fig. 378. jS. F and /S. T are the two chambers and B. M 
the membrane separating them, h represents a fibre. 

Action. Sound waves entering the canal of the ear give rise 
to vibrations of the ear-drum. These vibrations are transmitted 
through the hammer, anvil and stirrup to the liquid in the cochlea 
and excite responses in some of the fibres. Nervous impulses are 
thereby set up and carried along the auditory nerve to the brain 
where they are interpreted as sound. These impulses are electrical 
in nature ; how the brain interprets them is not known. 

The ear is perhaps the most sensitive detector of sound. “It can inter¬ 
pret as sound a vibration of amplitude 13X10’^ cm and register the recep¬ 
tion of energy at the rate of watt. If energy was passed into one 

oubio centimetre of water at this rate and converted into heat without 
loss, it would take 130,000 years to raise the temperature by 1"C.” 

839. Limits of Hearing 

The slowest vibrations which the human ear can recognize as 
sound, have a frequency of about 30 per sec. If the frequency is 
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above a certain limit wo cannot hear it at all. This upper limit 
varies from man to man, the normal being about 20,000 vibrations 
per see. With advancing age this limit is lowered. 

Vibrations above the range of hearing are called supersonic 
vibrations. Many animals, including dogs, cats, bats and 
birds, can hear sounds above the upper limit of human hearing. 
Bats can fly in the dark avoiding all obstacles. It is believed that 
they produce supersonic sound as they fly. From sound reflected 
by the obstacles, bats detect their presence and position. Depths 
in sea can be determined by the reflection of supersonic vibra¬ 
tions from the sea-bed (See § 343). 

340. Sound travels with a Finite Speed 

It takes a finite time for sound to travel from the source to the 
listener. A flash of lightning and the accompanying peal of 
thunder are practically simultaneous events. Since light travels 
with the enormous speed of 186,000 miles per sec., the time it 
takes to reach a spectator at a distance of a few miles is negligible. 
But sound is not so fast. Hence wo always hear the peal of 
thunder some time after we have seen the lightning flash. Simi¬ 
larly, when a gun is fired within visible distance, the report is 
heard a little after the smoke is seen. The interval between seeing 
and hearing in both the cases depends upon the distance of the 
cloud or the gun. Knowing the velocity of sound this distance 
can be calculated. 

The speed of sound in dry air at 0°G is 1089 ft/sec or 331*4 
motres/sec. It varies from medium to medium. In water the 
speed is about 1457 metrcs/sec., and in iron, about 6000 
metres/sec. 

341. Open Air Determination of Velocity of Sound 

In 1864 Regnault determined the velocity of sound in air. A 
gun was fired from the top of a mountain and the corresponding 
flash of light was observed from another mountain some miles 
away. The observer measured the time interval between seeing 
the flash of light and hearing the report. If the distance between 
the stations was S and the time interval t, the velocity of sound 
would be V—alt. 

Sources of error. Though the arrangement gives the velocity of 
sound very easily, the method cannot yield accurate results 
because of the following reasons: 

(a) It is impossible for anyone to start his watch at the instant 
that he sees the smoke. There is always an interval of time, called 
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the reaction time, between the two actions. The error due to it 
diminishes as the distance separating the stations increases. 

{b) The velocity of wind affects the velocity of sound. When 
both sound and w'ind move in the same direction the apparent 
velocity of sound increases. If they are in opposite directions, 
the apparent velocity diminishes. 

To minimize the effect due to reaction time sensitive instru¬ 
ments are used for recording the moment the gun is fired and the 
moment the sound arrives at the distant station. To eliminate the 
effect of wind reciprocal observations are made, i.e., the sound is 
made at each station and its time of arrival at the other noted. 
The mean value of the two intervals is the time sound will take 
to travel the distance between the two stations in the absence of 
wind. 

Factors affecting the velocity of sound in air:— 

(*) The velocity of sound in air increases by about 61 cm/sec 
for every 1°C' rise of temperature. 

{ii) Sound travels faster in humid air than in dry air. 

{Hi) The apparent velocity of sound increases if both sound 
and wind move in the same direction. 

{iv) The velocity of sound does not change with pressure only. 


Table- Velocity of sound in different media 


Gobses at N.T.P. 

Solids and water 

Air 

metres/sec 

331-9 

Copper 

metres/sec 

3600 

Hydrogen 

1286 

Steel 

5000 

Oxygen 

317-2 

Glass 

5100 

Water-vapour 

400 

Marble 

3800 

Sulphur dioxide 

209 

Water (at 13°C) 

1437 


342. Reflection of Sound 

Sound waves follow the same geometrical laws of reflection as 
light waves. Sound is reflected from walls, hills, rows of trees 
etc. One of the most important examples of reflection of sound is 
the echo. 

Practical application of reflection. To transmit sound over 
not very long distances without loss of intensity a speaking tube 

(Fig. 379) is often 
used. If 8 sound 
is produced at the 
mouth of a tube, 
the sound wavos 
that enter the tube 



Fig. 879 
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cannot spread out in a rapidly increasing volume of air. They 
suffer repeated reflections at the inner walls and are confined 
to the air in the tube. For this reason, the intensity does not 
decrease according to the law of inverse square as it would 
do if the waves could spread out. The doctor’s stethoscope works 
on this principle. The horn of a gramophone or a megaphone 
similarly prevents the spreading of sound and keeps the 
intensity high 

The “w'hispering gallery” of St. Paul’s Cathedral is circular in 
shape and a person talking quietly on one side can be heard on 
the other by multiple reflection of the sound waves round the 
wall. 


343. Echoes 

A sound heard by reflection and clearly distinguished from 
the original is called an echo. For its formation, an echo requires 
a suitable reflector such as an extended wall, a cliff etc., whose 
irregularities are small compared with the wave-length of the 
sound. To hear the sound and its echo separately the reflector must 
be at a sufficient distance, which may be found as follows : 

A sensation of sound persists in the brain for almost 1/10 
of a second after it is heard. Hence to recognise a sound and 
its echo as separate, at least this interval must elapse between 
them. In our country, the velocity of sound under ordinary con¬ 
ditions, (a mean temperature of 25°(7 and a fair amount of mois¬ 
ture in the air) is about 1150 ft/scc. In 1/10 of a second sound 
travels 115 ft in air. Thus, to hear distinctly the echo of a sound 
of short duration, the distance between the source and the 
reflector must be at least 67 *5 ft, it being presumed that the 
source and the listener are close together. 

The rumbling and rolUng of thunder is due to echoing of a 
peal of thunder from a number of reflecting surfaces such as 
clouds, rooks, mountain aides, forests, surface of separation 
between air currents etc. The continuous rumbling is due to the 
fact that echoes reflected from different sources enter the ear at 
intervals less than 1/10 of a second. 

In big halls it is often noticed that when a loud sound has ended 
a continuous rotting of sound persists for some time. This is 
known as reverberation and is due to multiple reflections from the 
walls. To prevent reverberations and enhance the absorption 
of extraneous sound, large halls and cinema houses are carpeted 
and part of the walls is thickly cushioned with soft sound absor¬ 
bing materials. 



400 


SOUND 


Echoes are exploited by whalers in Arctic waters to locate an 
iceberg in a dense fog or at night. For this purpose a whistle is 
sounded or a short sharp sound made. By timing the interval 
between the signal and the arrival of the echo an iceberg may 
be roughly located and the boat steered clear of it. 

Echo depth'SOunding. Reflection of sound is employed as a 

means for (finding depths at se^ 
(Fig. 380). There are many devi¬ 
ces for this purpose, of which the 
details differ. But the principle is 
as follows: A high frequency, gene¬ 
rally supersonic, sound of short 
duration is produced near a 
hydrophone (a device similar to a 
microphone) submerged in water. 
The hydrophone responds twice, 
once to the original sound and 
again to the waves reflected from 
the sea-bed. The time interval 
between the two events is auto¬ 
matically recorded on a device 
which also measures short time 
intervals accurately. If the time 
380 between the two responses at the 

hydrophone is t and the velocity of sound in sea-water is V, 
then the depth at the place is d—^ Vt, 

Submarines can be detected when submerged in water by an 
apparatus called Asdic which works on the same principle as 
described above. It sends out pulses of very high frequency 
supersonic waves, which are reflected back to the apparatus 
by the submarine. Shoals of fish may be detected in the same 
way. 

Examples. (1) A sound of very short duration is echoed back 
from a distant wall after 1 /5 sec. If the velocity of sound is 330 
metres/sec what is the distance of the wall from the source ? 

Eolviion. It is clear that sound has travelled from the source 
to the wall and back in ^ sec. It has therefore traversed a 
distance of 330=66 metres. Hence the distance of the wall 
feop- source=66/2=33 metres. 

^(2) A person standing between two parallel cliffs fires a gun. 
He hears the first echo after 3 sec and the second after 4 sec. 
Calculate the distance between the cliffs assuming the velocity 
of sound to be 1110 ft/sec at the place. 
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Solution. The first echo is received after 3 sec. Hence the sound 
has been reflected 1J sec after the firing. In that time sound 
travels 1110x11=1666 ft. Hence the distance of the nearer 
cliff is 1665 ft. Similarly, the distance of the other cliff from the 
observer is 1110x2=2220 ft. So the distance between the two 
cliffs is 1665+2220=3885 ft. 


344. Free Vibration 

When a pendulum oscillates, it does so with a characteristic 
frequency determined by its length and the value of acceleration 
due to gravity at the place. A steel strip or a spring, suitably 
clamped, also vibrates with a characteristic frequency determined 
by its dimensions and elastic properties. 

Vibrations in bodies may be excited by plucking, striking etc. 
After the exciting force has been removed the body continues to 
vibrate with a frequency characteristic of its own. Such a vibra- 
tion is called a free vibration. The frequency with which it is 
executed is called the natural frequency of the body, and the 
corresponding periodic time is called the natural period. Free 
vibrations may be transverse or longitudinal. 

345. Forced Vibration and Resonance 

Ijot a periodic force (i.e., a force which attains the same value at 
equal intervals of time) be applied to a body capable of vibration. 
The body will at first tend to vibrate with its natural period. 
But after some time it will bo found to vibrate with the period of 
the applied force. It will continue to do so as long as the applied 
force acts. Such a vibration of the body, i.e., one in which the 
periodicity is that of the applied force, is called forced vibration. 

If the periodic time of the applied force is identical witli the 
natural period of the body, a large vibration may be built up by 
the application of oven a small force. This kind of forced vibration 
in whicli the period of the applied force and the natural period of 
the vibrating body are identical is known as resonance or sympa¬ 
thetic vibration. The amplitude is small in forced vibration, but 
large in resonance. 

Demonstration of forced vibration and resonance. Fix a wooden 


stick horizontally and suspend from it a number 
of pendulums (Fig. 381) of which A should be 
heavier than the rest. The lengths of the pendu¬ 
lums B, G, D are different from that of A ; 
but the lengths of A and A' are equal. 

If A is set oscillating at right angles to the 
stick. A' will soon be found to vibrate with a 
large amplitude. But the amplitudes of other 

26 



Fig. 381 
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pendulums will be small. The vibration of A exerts a periodic 
force on the stick. This is transmitted to the other pendulums 
and throws them into periodic vibfation. The periodic time of the 
applied force agrees only with the natural pel'iod of A'. So J.' 
is thrown into resonance or sympathetic vibration, while other 
pendulums undergo forced vibration of small amplitude. 

Resonance and forced vibration in mnsical instruments. In 
stringed instruments likesitar, esraj etc., strings are stretched on a 
thin wooden board. The vibration of a wire produces forced vibra¬ 
tion of the board and thence of air. This intensifies the emitted 
sound. 

Each instrument has also several strings on it tuned to different 
notes. Wlien a note is sounded on the principal wire, sympathetic 
vibrations are excited in the strings tuned to the same note. 
This increases both the intensity and the pleasantness of the tune. 

346. Measurement of Wave-length by Resonance Tube 

A wide glass tube, about two inches in diameter and 50 to 100 
cm in length, may serve as a simple resonance tube. The other 

accessories are a tall glass jar filled 
with w^ater, a stand to hold the tube 
and a tuning fork, as shown in fig. 382. 

This simple arrangement will 
enable us to find the wave-length of 
the sound emitted by the fork. For 
this purpose, sink the resonance tube 
to the maximum depth. Then slowly 
raise it and, as you do so, move the 
vibrating fork, also slowly, across the 
mouth of the tube. At some particular 
and well-defined position of the tube, 
the air within it will respond to the 
vibrations of the fork. A fairly loud 
sound will then be emitted by the 
tube. Adjust the height of the tube so 
that this sound is a maximum. 

Measure the length of the tube 
above the water level; let it be 1. Then 4Z is approximately the 
wave-length (X) of the sound emitted by the fork. 

To get a more accurate' result a correction, known as end 
correction, has to be applied (See § 356). It states that I 
should be increased by O'Sd, where d is the inper diameter of the 
resonance tube. Hence wavedehgth is given by 
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Velocity of sound. If the frequency (w) of the fork is known, the 
velocity ( V) of sound in the air of the resonance tube is given by 

7=wX=:4w {l+O Bd) 

[The resonating length of a fork of frequency 128 will be about 
62—63 cm at the average room temperture.] 

847. Beats 

When two sounds of nearly equal frequencies and loudness 
are sounded together, the loudness of the resulting sound rises 
and falls at regular intervals. The alternate rise and fall !>f 
sound, so brought about, is knowi as beats. A rise and a fall 
together constitute one beat. The number of beats per second 
is equal to the difference in the frequencies of the two sounds. 

To demonstrate the phenomenon of beats take two large tuning 
forks of the same frequency. Load an arm of one of the forks 
with a small quantity of wax, or wind one or more turns of fine 
wire around it, near its free end. Loading an arm lowers the fre¬ 
quency of a fork. The two forks now have slightly different 
frequencies. If they are sounded together beats will be heard. 
If the load on the arm is increased, beats will bo faster. The 
number of beats per second is equal to the difference of the fre¬ 
quencies of the two forks. It is difficult for an untrained ear to 
detect beats if there are more than five or so of them per second. 

A loarl placed near the free end of an arm lowers the frequency 
of the fork moie than an equal load placed elsewhexC or it. 
This can be tested by shifting the load (of wax or turns of wire) 
along the arm and counting the number of bests it produces in 
a given time when sounded with the other fork. 

Eocample. Pisaforkoffrequency 256pcr8ec. A fork Q produces 
4 beats per sec when sounded with P. On loading Q slightly the 
number of beats changos to 2 per see. What is the frequency 
of Q? 

Solution : The frequency of Q differs from that of P by 4. We 
have to decide whether it is higher or lowei- than that of P. 
Loading Q lowt^rs its frequency. The number of beats falls from 
4 to 2 in this case. Clearly, the frequency of Q is higher than that 
of P. For if it were lower, further lowering of its frequency 
would have increased the number of beats. 

Hence the required frequency=r266+4=260 per sec. 

348. Stationary Waves 

Melde’a Experiment. Take, a large tuning fork of relatively low 
frequency, say, 64 vibraiioas per second. Fix it to a stand as 
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shown in fig. 383. Attach one end of a string to one arm of 
the fork. Pass the string over a pulley and join its other end to 



string. 

Put some load on the pari and excite the fork. By adjusting 
the value of the load on the pan or the length of the string, you 
can make the whole string vibrate in one loop. If the load is 
reduced to one-fourth of its value, the string will vibrato in two 
loops. When it is reduced to one-ninth, three loops will be 
produced. 

Stationary waves. The vibrations of the fork produce transverse 
vibrations at on-“ end of the string. They move foiward as waves 
along the string, and are reflected from the other end. The inci¬ 
dent and reflected waves are superposed on each other producing 
the patterns of vibration that we see. These patterns are known 
as stationary waves. We may, therefore, say : 

When two identical systems of waves, moving in opposite 
directions, are superposed, they give rise to patterns of vibration 
which are called stationary waves. 

Stationary waves, also called standing waves, occur frequently 
in nature. Whenever waves are formed in a limited medium, 
reflection occurs at the boundary. These reflected waves are 
superposed on the original waves, and produce stationary waves. 

Give a rap to a circular bowl containing water. You will find a 
stationary wave pattern on the surface of water. 

Characteristics of stationary waves. Stationary waves in a 
medium (whether it is a solid, a liquid or a gas) have the following 
characteristics. It would bo instructive to look for them in the 
vibrations of the string just described. 

(i) The amplitude of vibration varies from place to place. 
Points of maximum amplitude are called antinodes. 

(») At certain points the medium is at rest. Such points of no 
displacement are called nodes. 

(Hi) Along the common line of propagation of the waves, 
nodes and antinodes alternate with each other. 
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(iv) All particles between consecutive nodes move in the samo 
direction at the same time. (The portion of the medium between 
consecutive nodes io called a loop.) 

(e) Particles in neighbouring loops move in opposite directions. 

Wave4ength relations. The wave-length (X) of a stationary 
wave is the same as the wave-length of the waves which, by their 
superposition, form the stationary wave. The freQUency of a 
stationary wave is the number of times a loop of the wave vibra¬ 
tes in a second. It is also the frequency of the generator waves. 

Distance between tw( consecutive nodes 

=diatanco between two consecutive antinodes 
=:half the wave-length {X/2). 

Distance between a consecutive node and anti node 
=a quarter wave-length (X/4). 

349. The Tuning Fork 

Tlie tuning fork is a simple piece of apparatus indispensable in 
the study of sound. A fork, properly designed and constructed, 
emits a pure tone when mildly struck. Tt is a 
bar or rod of steel bent into the fi rm of a 
long U, and has a stem (or.handle) at the bend. 

The arms of the U are generally called prongs. 

While vibrating, the prongs of the fork 
move towards and away from each other, as 
shown in fig. 384. There ore two places ne.or 
the bend {N and W') which remain stationary. 

They are called nodes. The bend along with 
the stem is alternately depressed and elevated 
as the prongs vibrate inwards and outwards. 

The stem thus has an up and down motion. 

Forks of high frequency are short and thick. 

Loading a fork diminishes its frequency. 

Tuning forks are sometimes mounted on. 
hollow wooden boxes with one side open. 

The dimensions of a box are so chosen that 
the air inside it has the same natural frequency 
of vibration as the fork. When the fork 
vibrates, the up and down motion of its stem throws the board on 
which it is mounted into forced vibration. This in turn excites 
resonance in the air inside. The sound emitted is louder than that 
due to the fork alone. The vibrations, however, die out more 
quickly. 

A fork can be maintained in vibration by electrical means. 


2 1 1-2 



Fig. 384 
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This requires an electromagnet, and a make-and-break deTice for 
the current, the device being attached to a prong of the fork. 
Tlie arrangement has much in common with an electric bell. 

350. Noise and Musical Sound 

The sounds we hear may be divided into two classes, viz., (i) 
noise and (n‘) musical sound. A noise is a sound of short duration 
or one which changes its character continually if it persists. The 
slamming of a door, the rumbling of a truck or a peal of thunder is 
an example of a noise. It is due to vibrations w'hich have no 
regular periodic nature. 

There is much noise in offices and factories. Noises reduce 
efficiency of workers by the disturbing effect they produce. The 
level of noise a*" different places of work has been measured and its 
effect on efficiency determined. Steps have also been devised to 
reduce noise in factories. 

A musical sound, also called a note, is one wliich is due to 
vibrations of a regular periodic nature. 

351. Characteristics of Musical Sound 

Musical sound'i have three important characteristics, viz., 

(i) loudness, (it) pitch and {Hi) quality. 

(i) Loudness. Of two sounds similar in other respects, the one 
which can be heard from a longer distance is said to be the louder 
of the two. ‘Loudness’ in sound corresponds to ‘brightness’ in 
light. 

Loudness and intensity. The amount of energy sound waves 
carry in one second across unit area is called the intensity of sound. 
Loudness, which is a physical sensation produced in the ear, 
seems to vary as the logarithm of the intensity. Loudness in¬ 
creases with (a) the size of the source, (6) the amplitude of 
vibration of the source and (c) tne density of the medium carrying 
the sound. It diminishes with increasing distance. 

(ii) Pitch. ‘Pitch’ corresponds to ‘colour’ in optics and refers to 
the sensation of sharpness or flatness which a sound produces. 
A noise has no definite pitch. 

The pitch of a note is determined by the frequency of vibration 
of the source. As the frequency increases the note becomes 
shriller and is said to have a higher pitch. Though the word 
‘pitch* strictly refers to a sensation, it is often used in the same 
sense as ‘frequency*. 

(iii) Quality. The characteristic which differentiates between 
two notes of the same loudness and pitch, but produced by sources 
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of different kinds, is called quality. There is no difficulty, in 
distinguishing between a note sounded on a flute and the same 
note sounded on a sitar. The character by which we differentiate 
them is quality. It is by quality that we recognize the voice of a 
friend. 

The physical character of the sound vibrations which deter¬ 
mines the quality of a note may be understood as follows-. A 
musical sound is seldom pure, i.e., it seldom consists of vibrations 
of only one frequency. The vibrations of the lowest frequency in 
a note is called the fundarmrUal, Along witli this tliere are notes of 
higher frequencies, which are called overtones. The number of 
overtones present in a note, their frequencies, and intensities 
relative to the fundamental, determine the quality of a note. 
Quality is also called timbre or tone structure. 

352. Vibrations of Strings 

When a stretched string, fixed at its ends, is plucked or 
struck, transverse waves are produced along it. These waves 
move towards the fixed ends and are reflected there. The out¬ 
going and reflected waves produce stationary vibrations (§348) 
in the string. A string can vibrato in more tlian one way. 

Fundamental frequency. As the two ends of the siring are 
fixed, they cannot vibrate. Hence 
two nodes ( § 348 ) of the 
stationary waves are always 
formed at these points. The 
simplest mode of vibration of the 
string is one in which these are 
the only nodes in the string. 

The antinode is then at the mid¬ 
dle of the string. In this mode of 
vibration the entire string moves 
to and fro in a single loop (Fig. 

385; top). The frequency of this 
vibration is called the funda¬ 
mental frequency. Since the dis¬ 
tance between two consecutive nodes is half the wave-length, the 
length of the string {L) will be related to the w'ave-length (X,) by 
the relation. 

L ==X,/2. 

Harmonics A stretched string can also be made to vibrate with 
one or more additional nodes between those at the two ends. If 
there is only one extra node, it will be at the middle of the string 



Fig. 38S 
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(Fig. 385; middle). The string will vibrate in two loops. The wave¬ 
length of the emitted note will bo half that of the fundamental, 
and its frequency will bo double that of the fundamental. 

With two extra nodes between the extremes the string will 
vibrate in three loops (Fig. 385; bottom). The wave length will 
be one-third that of the fundamental. Its frequency will be 
thrice that of the fundamental. 

These notes, whose frequencies are integral multiples of the 
fundamental, are called harmonics. 

353. Laws of Transverse Vibration of Strings 

The frequency of the note emitted by a string, fixed at both 
ends and vibrating under tension, depends upon a number of fac¬ 
tors. The nature of dependence is expressed by what are known 
as the laws of transverse vibration of strings. They may be 
stated as follows : 

(i) Law of length. The frequency {n) varies inversely as the 
length (Z) when the mass (m) per unit length and tlie tension (T) 
of the string remain constant. 

In symbols, n oc 1/Z when m and T are constant. 

(ii) Law of tension. The frequency varies directly as the 
square root of the tension when the length and mass per unit 
length remain constant. 

In symbols, n <Xi/T when I and m arc constant. 

(iii) Law of mass. The frequency varies inversely as the square 
root of the mass per unit length when the length and tension 
remain constant. Or, n oc when I and T are constant. 

Since m = where d — diameter of the string and 

p=density of its material, we may split the law of mass into 
two laws as follows ; 

{iii) (a) Law of diameter. If the length, tension and material 
remain the same, the frequency varies inversely as the diameter. 

{iii) (6) La/w of density. If the length, tension and diameter are 
the same, the frequency varies inversely as the square root of the 
density of the material of the string. 

It will be easy to remember these laws if we remember the 
formula 



The formula is not difficult to establish, but we may leave it for a 
later stage. ^Tjm is the velocity with which transverse waves 
move along a stretched string. I stands for the length of avibra- 
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ting loop, i.o., the distance between two consecutive nodes, n is 
the corresponding frequency. 

S54. Sonometer 

The laws of transverse vibrations of strings can be verified 
with a sonometer. It consists of two wires stretched on a hollow, 
wooden box 
about a metre 
long (Fig. 386). 

One end of each 
of the wires is 
fixed to a pin. 

The other end 
passes over a 
smooth pulley and supporhs a suspended hook carry ing"weights, 
which supply the tension. It is howev(‘r more convenient to dis¬ 
pense with the pulley in one of the wires and alter its tension by 
wrapping it round an iron peg which may be turned by means of 
a wrench key. Its tension can then change continuously. This 
wire may be called the auxiliary or reference wire and the other, 
the main wire. To vary the vibrating length at will, movable 
wooden bridges are placed below the wires. The wooden box 
vibrates in tune with the wires and greatly amplifies the 
sound. 

If a stretched wire is plucked it vibrates wita a definite fre¬ 
quency depending on the length, mass and tension of the vibrating 
segment. The frequency can be altered at will by varying 
the tension of the wire or by displacing any of the bridges, 
which alters the vibrating length. 

Tuning of a sonometer. A person having a musical ear can 
very easily tune a length of the sonometer wire to the note from 
a vibrating tuning fork. But the following mechanical method 
may bo used by all. A small piece of paoer, called a paper rider, is 
bent in the form of an inverted V and placed in the middle of the 
w'ire. When the stem of the vibrating fork is pressed on the 
sonometer box, the vibrations are communicated to the wire 
through the wood. The string vibrates lightly at first. As the 
bridges are adjusted so that the frequency of the wire approa¬ 
ches that of the fork, the wire vibrates with increasing amplitude. 
Near resonance, the paper rider is thrown off the wire by the 
increased vibrations. Beats are heard if in this condition the fork 
and the wire are sounded together. The bridges are then so 
adjusted that beats disappear. This indicates perfect tuning. 




410 . soT 7 isrp 

Experiment 69. To find the ratio of frequencies of two forks- by 
a Bonometer. 

Apparatus : Sonometer, a few half-kilogram weights, experi¬ 
mental forks, scale. 

Method : Keep the sonometer wire under a fixed tension. The 
weight to be used will depend on the thickness of the wire. The 
wire should neither be slack nor under too high a tension. 

Take one of the forks and bring a length of the sonometer wire 
into resonance with it, using the method of paper rider just 
described. Measure the resonant length. 

Without altering the tension of the wire find, in the same way, 
the resonant length for the other fork. 

If n, and n^ are the frequencies of the forks, and and Z, the 
respective resonant lengths, then 

w, I, • 

The relation follows from the law of length of the transverse 
vibration of strings. 

Change the tension to another value and repeat. The ratio of 
n, to n, will remain the same. 

Verificatioil of law of length. Similar observations will verify 
the law of length. A number of forks of known frequencies may 
be taken and the resonant length determined for each, keeping the 
tension fixed. It will be found that the product of the frequency 
and the corresponding resonant length is a constant. This shows 
that frequency and resonant length are inversely proportional. 

355. Stringed Musical Instruments 

The gitar, esraj, piano, violin, etc., are some of the well-known 
stringed musical instruments. They differ in the design as well as 
in the method by which the strings ate. set into vibration. The 
gitar is plucked with the fingers or picks, the piano is struck 
with light felt mallets, and the esraj and violin are bowed with 
long starands of tightly stretched horse-hair. 

The strings on an instrument differ in length and thickness. 
The musician may, while playing, change the tension too. Thicker 
‘ and heavier strings produce notes of lower pitch than thinner 
and lighter strings. The tighter a string is stretched the higher 
is its pitch. 

The note emitted by the main string is strengthened by forced 
vibration of the board on which it is mounted. In some oases 
there is also resonance with other strings. (Also see § 345). 
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Vibration of Air ColxuDDs 

Stationary waves (§ 348 ) are generated in a column of air 
when two identical wave trains move through-it in opposite 
directions. Such a vibrating column of air can serve as a source of 
sound. Instruments like the organ, flute, clarinet etc. arc designed 
on this property of air columns. The air column is enclosed in a 
pipe or tube. The shapes of these tubes.and the methods by which 
the air in them is excited differ from instrument to instrument. 

The pipe containing the air column may be closed at one end 
and open at the other, or open at both ends. In the former case 
we call it a closed or stopped pipe ; in the latter case it is called an 
open pipe. 

In discussing vibrations of air columns we shall do well to re¬ 
member the following facts : 

(t) The waves in the air column are stationary 
waves. 

(ii) Anopenendofihepipeisalways anantinode. 

(Hi) A closed end of the pipe is always a node. 

{iv) The distance between a consecutive nodk 
and an antinode is always one fourth of the wave- 
length {of the stationary wattes or of the sound 
waves emitted). 

(v) Nodes and antinodes occur alternately 
along the pipe. 

A. Closed pipes. In the simplest mode of 
vibration tho closed end is a node and the open 
end is its nearest antinode (Fig. 387 and 388 o); N, 
node ; A, antinode). The length L of tho pipe is, 
therefore, a quarter of the wave length of the note emitted. 
The note emitted is called the fundamental. Of all the notes 

the pipe can emit, the fundamental 
has the longest wave-length, and 
hence the lowest frequency. 

Fig. 388 (i*) shows tho next mode 
of vibration. In it there is only one 
pair of additional node and antinode 
(a,, TOi) between the ends. The tube 
length now is equal to three-fourths of 
the wave-length emitted (since dis¬ 
tance between a consecutive node and 
antinode is a quarter wave-length). 
The frequency of the emitted note is 
three times that of the fundamental. 



Fig. 387 


Fig. 388 
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Fig. 388 (c) shows the next higher mode of vibration. It has 
two pairs of additional nodes and antinodes (a,, n,, Oj, n,) 
between the ends. The wave-length of the 
note emitted is one-fifth that of the funda¬ 
mental and its frequency is five times the 
frequenoy of the fundamental. It is interes¬ 
ting to note tliat in closed jjipes it is possible 
to get only those harmonics whose frequencies 
are odd multiples of the fundamental. 

B. Open pipes. In the simplest mode of 
vibration there is an antinode at each of the 
open ends with only one node between them 
(Fig. 389 and 390 a). This is the fundamental. 
Its wave-length is twice the length of the 


.N, 


At 


Fig. 389 
pipe. 'K~2L. 

The modes of vibration giving 
rise to the next two liarmonics are 
shown in figs. 390 (b) and (c). It is 
easy to see that these liarmonics 
have frequencies respectively twice 
and thrice that of the fundamental. 
The open pipe can produce harmo¬ 
nics with frequencies 
which may he odd as 
well as even multiples 
of the fundamental 
frequency. 
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Fig. 391 


Fig. 390 

End correction. Strictly speaking the antinode 
at an opem end of a pipe is formed a little away 
from the end. Lord Rayleigh found that this 
distance is 0'3 times the diameter of the pipe. In 
any work involving measurement of wave-length 
of sound in pipes this correction shoud be consi¬ 
dered. It is known as end correction. 

357. Organ Pipes 

Organ pipes are wooden or metal tubes and may 
bo rectangular or circular in section. At one end 
of the pipe, a blast of air from the wind chest 
enters the mouth piece L (Fig. 391) and escapes 
through the slit S. It then impinges upon the 
bevelled edge E of & rectangular opening in the 
side of the pipe. This end of the pipe is to be 
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treated as an open end. The other end of the pipe may be open 
(open pipe) or it may bo closed by an adjustable piston (stopped 
or closed pipe). 

The blast of air impinging on E sets the air column into 
vibration. The pitch of the note emitted by the pipe is deter¬ 
mined by its length and by its ‘open’ or ‘closed’ nature. An 
open pipe has a fundamental frequency which is twice that of 
a closed pipe of the same length. The diameter or the width 
of the pipe has no effect on the pitch. 

Closed organ pipes are tuned to the required frequency by shifting the 
adjustable piston it has at the closed end. Open pipes may have another 
sliding pipe outside to adjust its length. Alternatively, it may have a flap 
at one end partly covering the end. The frequency can be altered by 
changing the position of the flap. 

358. The Phonograph 

The phonograph, invented by Tliomas Alva Edison in 1878, was 
the first, device which successfully recorded and reproduced the 
sounds of speech and music. Its construction and action are as 
follows : 

The sound to be rceerdei is produced in 
front of a horn (// : Fig. 392). The narrow 
end of the horn is closed by a circular' 
diaphragm D. A light style P is fixed at 
right angles to D at its centre. 

The sound waves, collected by th<' horn, 
cause the diaphragm to vibrate according 
to the variations of pressure in these waves. 

This causes the stylo to vibrate at right 
angles to the diaphragm. 

The style is in contact with a layer Tf of special wax covering 
the drum A. This drum can rotate about its axis and advance as 
it rotates. If no souml waves impinge on H as the drum rotates 
and advances, the style traces a groo\ * of uniform depth in the 
wax. But when sound waves fall on D, the style vibrates and 
traces a grove of varying depth. This is the record of the sound. 

To reproduce the sound from this record, tlie style is placed at 
the starting point and the drum set in motion. It is made to move 
at the same constant speed as when taking the record. The 
point of the style follows the groove and moves up and down. 
This makes the diaphragm vibrate in the same way as it did at the 
time of recording. The air is set into similar vibration, repro¬ 
ducing the sound. 

Since the invention of the phonograph there has been much 
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improvement both in recording and reproduction of sound. The 
gramophone -with disc records, the tape-recorder and sound-tracks 
on talkie-films are examples. The modern dictaphone has 
preserved some features of the phonograph. 


EjEercises 

l" How can you establish that sound is due to the vibration 
of a body and that it requires a medium for propagation ? 

2. Describe how sound is propagated through air. 


3. Draw a neat diagram of the human ear showing clearly 
the structures which are essential for the transmission of sound to 
the inner ear. Label the parts, and state briefly how the ear 
acts. ' 

^ Distinguish between transverse and longitudinal waves, 
giving an example of each. 

Define the terms wave-length, frequency and velocity in 
reference to waves, and state the relation between them. 

6. Describe a simple method of determining the speed of sound 
in open air. What are the common sources of error in such an 
experiment ? How are they minimized ? 

• • • 

6. What is an echo ? Can it be heard at all distances ? Say why. 

What causes reverberation in a hall and rumbling of thunder ? 

7. What are supersonies ? Mention any use that you know of 

[them. j 

Distinguish between free vibration and forced vibration. 
What is resonance ? 

Describe the resonance tube method of determining the speed 
of sound. Is it the speed (i) in open air, {%%) in the air of the tube, 
or (in) in the steel of the fork ? 

^9. What are beats ? Two forks produce five beats per second 
when sounded together. What will be the efipects of loading a 
prong of (a) the fork of higher frequency, (6) the fork of lower 
frequency ? 

What are stationary waves ? What are their characteristica ? 
Define the terms nod&a and aiUinod^s. What is the distance, in 
^nns of wave-l^gth, between [%) two oonsecutiye nodes, (ts) 
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a consecutive node and antinode, {Hi) two alternate nodes, (iv) 
two consecutive antinodes ? 

Show with the help of neat diagrams how a tuning fork 
vibrates. What kind of motion does the stem execute ? Give an 
example where we utilize the motion of the stem. 

'^2. What are the characteristics of a musical sound 1 Mention 
in each case the physical feature of the vibrations with which a 
ohavacteristic is associated. 

What analogies do these characteristics have with light ? 

^13. What do you understand by the quality of a musical note ? 
Explain clearly the meanings of the terms fundamental, harmo- 
nic.$ and overtones in this connection. 

14. State the laws of transverse vibration of strings. 

State also how a vibrating string produces the fundamental 
and also harmonics. 

16. How would you use a sonometer (i) to demonstrate 
resonance, {ii) to compare the frequencies of two forks ? 

16. You are given stringed musical instruments such as a 
sitar, an esraj and a violin, and asked to demonstrate (t) forced 
vibration, (n) resonance and {Hi) the laws of transverse vibration 
of strings. 

Say what you will do. 

17. Describe with neat diagrams how a closed pipe and an open 
pipe of the same length produce the fundamental. Also find the 
relation between the fundamental frequencies of the two. 

How do the two kinds of pipe differ in the production of 
harmonics ? 

18. Describe a simple device for the rc wording and reproduction 
of sound. 









